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ABSTRACT 
ULTIMET® alloy is a commercial Co-26Cr-9Ni (weight percent) superalloy, which 
possesses excellent resistance to both wear and corrosion. In order to extend the structural 
applications of this alloy and improve the fundamental understanding of the fatigue 
damage mechanisms, stress- and strain-controlled fatigue tests were performed at various 
temperatures and in different environments. 
The stress- and strain-life data were developed for the structural design and engineering 
applications of this material. Fractographic studies characterized the crack-initiation and 
propagation behavior of the alloy. Microstructure evolution during fatigue was revealed 
by x-ray diffraction, scanning electron microscopy, and transmission electron 
microscopy. Specifically, it was found that the metastable face-centered-cubic structure 
of this alloy in the as-received condition could be transformed into a hexagonal-close-
packed structure either under the action of plastic deformation at room temperature, or 
due to the aging and cyclic deformation at intermediate temperatures. This interesting 
observation constructed a sound basis for the alloy development. The dominant 
mechanisms, which control the fatigue behavior of UTLIETM alloy, were characterized. 
High-speed, high-resolution infrared (IR) thermography, as a non-contact, full-field, and 
nondestructive technique, was used to characterize the damage during fatigue. The 
vi 
temperature variations during each fatigue cycle, which were due to the thermal-elastic-
plastic effect, were observed and related to stress-strain analyses. The temperature 
evolution during fatigue manifested the cumulative fatigue damage process. 
A constitutive model was developed to predict thermal and mechanical responses of 
ULTIMET alloy subjected to cyclic deformation. The predicted cyclic stress-strain 
responses and temperature variations were found to be in good agreement with the 
experimental results. In addition, a fatigue life prediction model was developed based on 
the strain-energy consideration, and the measured temperature could be utilized as an 
index for fatigue-life prediction. 
vii 
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" ... what in the materials world will be seen as the outstanding feature of the century just 
past? ... It was the century when we understood materials, scientifically, for the first time 
-- what they are and how they perform . ... ".111 In "A Centennial Report" of the Materials 
Research Society, Cottrell[IJ stressed that two advances were outstanding in making the 
scientific understanding of materials possible: (a) x-ray analysis, which showed us where 
the atoms are inside the materials, and (b) quantum mechanics, which explained how the 
atoms interact and produce the bulk properties of matter. The two advances also 
constructed the basic methodology in materials science and engineering, as illustrated in 
Figure 1-1 *, which represents materials science and engineering as an indispensable step 
to make different materials suitable for various applications. Despite the rapid emerging 
fields of nanoscience and nanoengineering, which are leading to unprecedented 
understanding and control over the fundamental building blocks of all physical things, 121 
the basic methodology will firmly stand to witness the vast development in materials 
science and engineering in the coming century. 
ULTIMET® alloy, newly developed by Haynes International Inc., was one of the 
triumphal outcomes of the basic methodology. In the development of ULTIMET alloy 
that was intended for applications in systems subjected to both aqueous corrosion and 
wear, a cobalt-based alloy with a face-centered-cubic (FCC) phase and low stacking fault 
energy was chosen as a good starting candidate for wear- and corrosion-resistance 
applications. To combat corrosion, the appropriate levels of chromium, molybdenum, and 
• All figures can be found in APPENDIX 
2 
tungsten, which provided resistance to a wide variety of corrosive media, were firstly 
determined. Furthermore, by controlling the effects of nickel, iron, carbon, and nitrogen, 
which stabilized the FCC phase, a balance was obtained among three factors, i.e., the 
resistance to wear, ease of processing and fabrication, and resistance to stress corrosion 
cracking. [3l The final commercial composition of ULTIMET alloy is presented in Table 
1-1•.[4] 
Wrought cobalt-based alloys, including ULTIMET alloy, typically in the solution-
annealed condition, provide excellent elevated-temperature tensile strength, resistance to 
various forms of wear and to rigorous corrosive environmentsP•5-7l since wrought 
processing improves chemical homogeneity, markedly increases ductility, and modifies 
substantially the geometry of the carbide precipitates within the alloys. [SJ Wrought 
ULTIMET alloy offers excellent corrosion resistance compared to that of the 
HASTELLOY® alloys, exhibits outstanding wear resistance similar to that of the 
STELLITE® alloys, and possesses high tensile strength compared to many duplex 
stainless steels. It also exhibits outstanding impact toughness and ductility. [4l 
To our knowledge, little work has been done on the fatigue-crack initiation and 
propagation behavior of ULTIMET alloy. The availability of fatigue data in ULTIMET 
alloy could continue to open up new commercial opportunities for structural and 
elevated-temperature applications. But more importantly, ULTIMET alloy is an exciting 
• All tables can be found in APPENDIX 
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alloy for scientific studies, because of its (a) low stacking fault energy, (b) metastable 
FCC phase at room temperature, (c) tendencies of transforming to the hexagonal-close-
packed (HCP) phase by mechanical deformation at room temperature, aging in the 
intermediate temperature range (between 0.25 Tm and 0.55 Tm, where Tm is the melting 
point of ULTIMET alloy, 1332-1354 °C), or a combination of mechanical deformation 
and aging at intermediate temperatures, and (d) existence of dynamic strain aging at 
intermediate temperatures. 
The characterization of fatigue behavior, including the high-cycle, low-cycle, and high-
frequency fatigue at room and elevated temperatures, along with the evolution of 
microstructures, specifically, grain structure, phase morphology, precipitation, and 
dislocation structure, is not only crucial to understand the fatigue mechanisms of 
ULTIMET alloy, but also important to improve the material designs and processing to 
gain better performances. In PART 2, the background information on the microstructural 
characterization, mechanistic understanding, and theoretical modeling of pertinent 
materials is summarized, and the critical issues of the fatigue behavior of ULTIMET 
alloy are addressed. In PART 3, the experimental procedures are detailed. In PART 4, the 
phenomenological high-cycle fatigue behavior of ULTIMET alloy is summarized. In 
PART 5, the temperature evolution during high-cycle fatigue is illustrated. In PART 6, a 
constitutive model is constructed to predict the temperature evolution and cyclic stress-
strain behavior. In PART 7, the high-frequency fatigue of ULTIMET alloy is 
characterized. In PART 8, the understanding of low-cycle fatigue behavior of ULTIMET 
alloy is provided. In PART 9, the experimental and predicted temperature evolution as 
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well as the cyclic stress-strain responses during low-cycle fatigue of ULTIMET alloy is 
presented. In PART 10, the strain-energy based fatigue life-prediction model is 
developed, and the temperature is utilized as an index to predict fatigue life. The 
conclusions and future work are presented in PARTs 11 and 12, respectively. 
In the present study, the dominant mechanisms, which controlled the fatigue behavior of 
ULTIMET alloy, were characterized by electron microscopy and nondestructive 
evaluation techniques. To predict the fatigue behavior of ULTIMET alloy, theoretical 
models, based on the mechanistic understanding of the relationships among the 
composition, structure, properties, and performances, were attempted. A constitutive 
model was developed to predict thermal and mechanical responses of UL TIMET alloy 
subjected to cyclic deformation. The predicted cyclic stress-strain responses and 
temperature variations were found to be in good agreement with the experimental results. 
In addition, a fatigue life prediction model was developed based on the strain-energy 







In 1907, a patent was granted to Elwood Haynes on cobalt-chromium alloys that would 
be suitable for tableware, surgical instruments, laboratory equipment, analytical weights, 
and other applications, such as cutting tools to be used on relatively soft metals. l9l In 
1913, cobalt-chromium alloys were placed on the market.[9l Studies of alloys were very 
active at the start of the 20th century, and focused on the determination of phase diagrams 
inspired by established principles of thermodynamics and in the hope of discovering new 
alloys with useful properties. [IJ After the initial application of cobalt-based alloys and 
advances in phase diagrams, various wrought cobalt-based alloys were invented and 
enjoyed extensive usage for such components as forged turbine blades, combustor liners, 
and afterburner tailpipes since 1950s.l51 Although the "cobalt crisis" that occurred in the 
late 1970s drastically increased the cobalt price, and the wave of the substitution for 
cobalt-based alloys welcomed the development of "(-strengthened nickel-based alloys, 
the fact that cobalt-based alloys offer unique combinations of properties, i.e., high-
temperature creep and fatigue strengths, and superior resistance to aggressive corrosion 
and various forms of wear, which cannot be duplicated by other alloy systems, provided 
them special niches in a variety of applications, and ensured their continuing usage for 
many years to come_[s,toJ 
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2. Alloy Phases 
The allotropic phase transformation from a high-temperature FCC (or a) austenitic 
crystal structure to a low-temperature HCP (or E) structure, occurring at 422 °C,cs,ioi 
makes cobalt a unique alloy base. The transformation occurs by shear with the following 
crystallographic relationships between the two phases 
{111t 11 {0001t (2-1) 
The transformation is, therefore, classified as martensitic, arising from the mobility of 
partial dislocations along the close-packed planes. According to the influence on the 
transformation temperature, those alloying elements that raise the temperature were 
described as leading to a restricted a field (or HCP phase stabilizing elements), such as 
chromium and the other refractory elements, and those lowering the temperature as 
giving an enlarged a field (or FCC phase stabilizing elements), such as nickel, iron, and 
manganese. Most alloying elements make the transformation more sluggish, some to the 
extent of raising the HCP to FCC transformation temperature but lowering the FCC to 
HCP transformation temperature, and such elements were described as of a 'combined' 
type. The effects of alloying elements according to the above description are given in 
Table 2-l.U 1•121 
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Wrought cobalt-based alloys could conventionally be categorized as: (a) wear-resistant 
alloys with high-carbon contents, (b) high-temperature alloys with chromium and 
tungsten as chief solid-solution strengtheners, and nickel as the FCC phase stabilizing 
element, and (c) corrosion- and wear-resistant alloys with chromium and molybdenum as 
solid-solution strengthener, and carbon contents in the soluble range. Nominal 
compositions of typical wrought cobalt-based alloys are presented in Table 2-2. 181 
In the solution-annealed condition, the wrought cobalt-based alloys in Table 2-2 
exhibited a FCC matrix structure. Upon cooling, the FCC to HCP transformation was 
quite sluggish even for pure cobalt. In addition, fine grains and high impurities generally 
inhibited the transformation. Typically, in cobalt-based binary systems, the solute 
elements were found to make the HCP to FCC transformation temperature (As) upon 
heating higher than the FCC to HCP transformation temperature (Ms) upon cooling, and 
gave a wide range of a transformation temperature hysteresis. The effects of individual 
alloying elements were systematically studied, and Figure 2-1 is a simplified 
representation relating the solubility with the effect of an element on the As 
TemperatureY01 The As temperature of cobalt-based alloys may be calculated based on 
the information provided in Figure 2-1 by 
n 
~ = 422 + LL\'.f; x Ci (2-2) 
i=I 
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where 422 is the allotropic phase transformation temperature of pure cobalt, ATi is the 
temperature change per atomic percent of a solute element, i, and Ci is the atomic 
percentage of the solute element, i. 
However, the effects of alloying elements on the Ms temperature were not well 
established. The Ms temperature of some binary Co-Ni alloys, ternary Co-Ni-15Cr alloys, 
and quaternary Co-Ni-15Cr-5Mo alloys were determined experimentally, as presented in 
Table 2-3.£131 The Ms temperature was observed to decrease below room temperature with 
the increase of the Ni alloying addition. Based on the information in Table 2-3, the Ms 
temperatures of cobalt-based alloys may be qualitatively estimated based on the nickel 
content. 
As shown in Table 2-2, the wear-resistant alloys were essentially Co-Cr-W-C quaternary 
alloys, the high-temperature alloys were Co-Cr-Ni-W, and the corrosion- and wear-
resistant alloys were Co-Cr-Ni-Mo. A simple alternative course is to visualize the 
wrought cobalt-based alloys from the Co-Cr binary phase diagram, as illustrated in 
Figure 2-2Y41 For the wrought cobalt-based alloys, the cooling rates from the solution-
annealing temperature were high enough to avoid the FCC to HCP transformation, and 
the lack of sufficient thermal energy prevented the transformation from occurring at room 
temperature. 
With the exception of Alloy 188, which has a stable FCC phase, the wrought cobalt-
based alloys, which have a metastable FCC phase at room temperature, tend to transform 
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to a HCP phase under the action of mechanical stress (or strain) at room temperature, 
aging in the intermediate temperature range (below the As temperature), or mechanical 
stress and aging at intermediate temperatures. As one of the interesting features of cobalt-
based alloys, the strain-induced FCC to HCP phase transformation was studied by many 
researchers_ll4•211 The transformation process involved the coalescence of stacking 
faults. 13•51 The transformation of FCC to HCP can be achieved by the passage of a 
Shockley partial dislocation, resulting from the dissociation of a full dislocation due to 
low stacking fault energy, on every second { 111} plane in an FCC crystal 
ABCABC => ABABAB (2-3) 
where A, B, and Care the stacking sequences of an FCC crystal. However, the passage of 
a Shockely partial dislocation on every adjacent { 111} close-packed plane results in the 
formation of an FCC twin 
ABCABC => ACBACB (2-4) 
Formation of the HCP phase or FCC twins of macroscopic size may be considered as a 
nucleation and growth process. Once the HCP phase or FCC twin embryo is formed by 
dislocation interactions, it may then thicken by overlapping of other nuclei formed on the 
{ 111 } planes parallel to its habit plans. Dislocation density is an important factor for the 
formation of the HCP phase and FCC twins. 
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The alloy additions of Cr, W, and Mo, known to stabilize the HCP phase and lower the 
stacking fault energy, promote the formation of the HCP phase, while Ni enhances the 
formation of the FCC twins. Hence, the ~ temperature, which is the maximum 
temperature below which the FCC to HCP transformation can be stress (or strain) 
induced, is largely controlled by the composition of the alloy, especially Ni. For cobalt-
based superalloys, it was shown that at room temperature, the occurrence of stress (or 
strain) induced FCC to HCP transformation was dependent on ~ temperatures of the 
alloys. [161 For Co-27Cr-5Mo alloys, intended for surgical implant applications, the FCC 
to HCP transformation could be easily triggered by stress (or strain) at room 
temperatureY6-171 Haynes 25 alloy, a Co-20Cr-15W-10Ni alloy, could result in the FCC 
to HCP transformation by 20% cold reduction at room temperature.cisi However, for 
MP35N alloy,U 8-231 a Co-35Ni-20Cr-10Mo alloy, and MP159 alloy,cis-261 a Co-25.5Ni-
19Cr-7Mo alloy, the stress (or strain) induced FCC to HCP transformation did not occur 
at room temperature. It can be seen that the~ temperature decreased with the increase 
of Ni contents in the alloys. When the ~ temperature was below room temperature, the 
stress (or strain) induced FCC to HCP transformation at room temperature was inhibited. 
At room temperature, various deformation structures, i.e., the FCC to HCP 
transformation, twinning, and dislocation cells, were observed, and their formations were 
directly related to the stacking fault energy of the FCC phase, as exhibited in Figure 2-
3P61 The deformation structures could also be related to the ~ temperature and 
compositions. The deformation structures of ternary Co-Ni-15Cr alloys in Table 2-3 are 
presented in Figure 2-4 as a function of nickel content and temperature. C161 As shown in 
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Figure 2-4 and Table 2-3, the addition of nickel was clearly vital in stabilizing the FCC 
phase, since nickel sharply raised the stacking fault energy, which increased the difficulty 
of forming partial dislocations, and consequently decreased the ~ temperature. 
Although the FCC-HCP transformation in cobalt-based alloys was not well understood 
and could not be precisely controlled or utilized for advantage, it is clear that the 
additions of the FCC stabilizing elements, such as nickel, were important to control the 
stacking fault energy and FCC-HCP transformation, and were beneficial to the long-term 
properties and stability of the wrought cobalt alloys 
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3. Critical Issue: Phase Stability 
a) What Are the Ms, As, and Met Temperatures for ULTIMET Alloy? 
b) What Are the Deformation Structures for ULTIMET Alloy during Fatigue? 
c) How Do the Deformation Structures Affect the Fatigue Behavior of ULTIMET 
Alloy? 
The Ms, As, and Met temperatures are greatly affected by the addition of alloying elements 
to cobalt. The calculated As temperatures based on Equation (2-2), estimated Ms 
temperatures according to Table 2-3, and estimated Met temperatures from the literature 
are listed in Table 2-4. The determination of the Ms, As, and Met temperatures are helpful 
to select the temperature range for fatigue testing, and more importantly, to interpret the 
fatigue behavior. It can be seen that the compositions of Alloy 25 and ULTIMET alloy 
are similar, as shown in Table 2-2, and the Ms, As, and Met temperatures are very close as 
well, as presented in Table 2-4. The deformation structures of ULTIMET alloy may be 
similar to that of Alloy 25 at room temperature, i.e., (a) below 5% cold reduction, 
stacking faults are present, and the density of stacking faults increase with cold reduction; 
and (b) at about 20% cold reduction, platelets of the HCP phase and mechanical FCC 
twins were formed.[ 151 For fatigue testing, typically, with the total strain range< 5%, it is 
likely that stacking faults will play a major role in the microstructural evolution at room 
temperature. 
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The formation of a great amount of stacking faults in the FCC matrix and their 
coalescence to form the HCP phase or FCC twins are important to understand the fatigue 
behavior of cobalt-based alloys with low stacking fault energy. The difficulties of cross-
slip and climb of glide dislocations, and formation of the intersecting network of the 
stacking faults and FCC twins make the cobalt-based alloys harden very rapidly, and 
have great influence on the fatigue-crack initiation. The formation of the HCP phase is 
believed to enhance fatigue life by reducing internal strains.c8•161 
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4. High-Temperature Strengthening Mechanisms 
Superalloys, based on Group WIIIA elements and developed for elevated-temperature 
service, demonstrated combined mechanical strength and surface stability. Progress in the 
superalloy development made possible the advent of the modem jet engine, with 
progressively higher thrust-to-weight ratios. Superalloys similarly play a vital role in 
industrial gas turbines, coal conversion plants, and other applications involving high 
temperatures and severe environmental conditions. c271 Wrought cobalt-based superalloys 
are used extensively in gas turbine engines because of their excellent high-temperature 
creep and fatigue strengths and resistance to hot corrosion attack. In addition, the unique 
feature of the oxide scales that form on some of the alloys provides outstanding resistance 
to high-temperature sliding wear. csi 
The strengthening mechanisms utilized in cobalt-based alloys are principally a careful 
balance of the refractory element solid-solution hardening and carbide precipitation. Both 
are necessary for high-temperature creep rupture and fatigue strength. The high-
temperature strengthening of wrought cobalt-based alloys is accomplished mainly 
through the use of solid-solution alloying elements, such as molybdenum, tungsten, 
tantalum, and niobium in combination with carbon to promote carbide precipitation.cs] 
The alloying additives that strengthen the solid solution increase high-temperature creep 
and fatigue strengths through (a) increasing temperatures of effective recovery and 
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recrystalliztion, (b) reducing stacking fault energy, (c) increasing lattice friction and 
causing chemical pinning of dislocations, (d) retarding dislocation glide and climb, (e) 
increasing stability of the solid solution, and (e) increasing valence.c281 In addition, the 
diffusion of substitutional alloying elements tends to be slower in cobalt than in nickel, 
which gives the cobalt-based alloys an inherent advantage in high-temperature creep. 151 
Carbide precipitation, in the form of M7C3, ~C, MC, and M23C6 type carbides, is 
another important key to the strengthening of cobalt-based alloys. Such precipitation can 
be quite effective in pinning glide dislocations. The strengthening action of second-phase 
particles relies on1281 (a) locking dislocation glide, (b) retarding grain-boundary slip, and 
(c) hindering recovery by pinning dislocation networks. However, the uses of high levels 
of carbon limit manufacturing operations to the hot-working process, and hence, cobalt-
based alloys usually contain carbon at levels of 0.15% or less. The contributions of both 
solid-solution hardening and precipitation hardening may change along with the aging 
time and application temperature range, and are schematically illustrated in Figure 2-5. 
The contribution of the solid-solution-hardening mechanism gradually decreases along 
with the increase of the aging time or temperature; the contribution of the precipitation-
hardening mechanism initially increases, reaches a maximum status after a certain aging 
time or at a certain temperature, and then, decreases as the aging time or temperature 
increases. 
Structural components used in high-temperature applications experience temperature-
stress-time dependent microstructural changes, such as those promoted by thermal and 
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static- and dynamic-strain aging mechanisms. One of such mechanisms of key interest is 
dynamic strain aging. Dynamic strain aging (solute drag) effects are exhibited by many 
alloys of common use, including austenitic stainless steels and many cobalt- and nickel-
based alloys.r29•301 When constant-strain-controlled fatigue tests are performed at 
temperatures where this phenomenon is present, the material experiences a relative 
increase in the flow stress and work hardening rate, and various forms of inhomogeneous 
deformation. 
Cyclic loading at temperatures where dynamic-strain-aging mechanisms are active results 
in a marked material hardening, This behavior is evidenced by an increased hardening 
rate and hardening range with increasing temperatureP91 For any given dynamic-strain-
aging alloy, an intermediate temperature range (between 0.25 Tm and 0.55 Tm) exists 
where the hardening rate and cyclic saturation strength are maximized. This maximum 
was interpreted as a manifestation of dynamic-strain aging, and was typically referred to 
as the dynamic-strain-aging peak. C29•301 At temperatures below the dynamic-strain-aging 
range, solute diffusion does not take place. At temperatures above, normal thermal 
recovery processes, e.g., dislocation climb, dominate. 
Although suitable precipitates are beneficial for material strengthening, the occurrence of 
intermetallic compounds, such as the cr, µ, and Laves phases, in cobalt-based alloys is 
deleterious. The cr and µ electron compounds are often referred to as topologically-
closed-packed phases. The Laves phase is formed mainly on the basis of atomic size 
factors. Some examples of these compounds in terms of the general composition and 
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crystal structure are given in Table 2-5_C5l The specific data for phases in Alloy 25 is 
listed in Table 2-6. C5l In addition to the gross chemistry factors responsible for the 
formation of these compounds, it has also been recognized that minor elements, notably 
silicon, can play important roles. The precipitation of these intermetallic phases can cause 
embrittlement, especially at low temperatures. This behavior is illustrated in Figure 2-6, C5l 
which presents the retained room-temperature ductility after 8000 hours exposure at 
different temperatures for Alloy 188 and two nickel-based alloys. In the case of Alloy 
188, a long-term exposure in the 760 to 870 °C temperature range causes enough 
precipitation of the Co2 W-type Laves phase to severely embrittle the alloy. This situation 
is not unique to cobalt-based alloys, e.g., for Alloy X, a chromium-rich a phase 
precipitates in the 650 to 760 °C temperature range, and a molybdenum-rich µ phase 
precipitates at 870 °C. However, 230 Alloy exhibits superior thermal stability with 
carefully controlled chemistry to allow only normal carbide precipitation. C5l 
Unlike any other alloy systems, for wrought cobalt-based alloys with a metastable FCC 
phase at room temperature, the strengthening mechanisms in the intermediate 
temperature range are complicated by the thermal and static- and dynamic-strain aging 
induced FCC to HCP phase transformation. The FCC to HCP phase transformation of 
wrought cobalt-based alloys can occur by simply aging at the intermediate temperatures, 
which provides sufficient thermal energy required for the phase transformation.c17J 
Another mechanism, Suzuki Mechanism, can promote the FCC to HCP phase 
transformation through the extension of stacking faults and segregation of solute 
elements.c21•23•311 Due to the low stacking fault energy, stacking faults are easy to form by 
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the static or dynamic strain in the intermediate temperature range. The Gibbs adsorption 
equation,l321 Equation (2-5), predicts that any solute with positive adsorption, i.e., ri > 0 
and increased activity, i.e., dlnai > 0, will decrease the stacking fault energy, i.e., dYsFE < 
0. 
(2-5) 
dYsFE is the change of stacking fault energy, ri is the surface concentration of element i, R 
is the constant of ideal gas, T is the absolute temperature, and ai is the activity of element 
i. As a result, a driving force exists for solute atoms to segregate either to or away from 
stacking faults and stacking faults to extend, as shown in Equation (2-6) with HCP 
stabilizing elements, such as Cr and Mo, moving toward stacking faults . 
.l················ ·····.l 
.l·········.l => i i (2-6) 
Cr Mo 
With this segregation of solute atoms, the FCC to HCP transformation will be promoted 
during the aging after moderate strain. The formation of the very thin precipitates of the 
HCP phase results in the hardening of the alloys. In practice, for some wrought cobalt-
based alloys, after cold reduction, the subsequent aging in intermediate temperatures 
enhances the tensile and yield strength of the alloys. 115•21 •231 
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5. Critical Issue: High-Temperature Fatigue Behavior 
(a) What Are the High-Temperature Strengthening Mechanisms for ULTIMET Alloy? 
(b) Is There Any FCC-HCP Phase Transformation during High-Temperature Fatigue 
Testing due to Strain and/or Aging, and How Does the Phase Transformation Affect 
the Fatigue Behavior? 
(c) How Does the Dynamic Strain Aging Affect the Fatigue Behavior? 
For high-temperature fatigue, the alloy compositions of ULTIMET alloy offer special 
advantages to explore complex strengthening mechanisms, including the solid-solution 
strengthening, precipitation strengthening, and FCC-HCP phase-transformation 
strengthening. The FCC to HCP phase transformation was observed for Co-27Cr-5Mo 
alloys after aging at 750 °C, and for MP35N alloy after large cold reduction and 
subsequent aging. ll5-261 It is expected that the FCC to HCP phase transformation may 
occur when ULTIMET alloy, with the nickel content between those of Co-27Cr-5Mo 
alloys and MP35N alloy, is subjected to cyclic deformation at intermediate temperatures. 
As mentioned previously, since the FCC to HCP transformation is beneficial to the 
fatigue life by reducing internal strains, a longer fatigue life at intermediate temperatures 
may exist. In addition, dynamic strain aging has been noted to contribute to complex 
isothermal hardening trends. [23•241 In general, dynamic strain hardening enhances the 
hardening rate of ULTIMET alloy subjected to fatigue in the intermediate temperature 
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range. Its influences on fatigue behavior of ULTIMET alloy will be complicated by the 
accompanied phase transformation due to strain and aging. 
The carbon content in ULTIMET alloy is relatively low, as compared to other wrought 
cobalt-based alloys, but it has a higher nitrogen content, raising obvious questions about 
strengthening mechanisms at high temperatures. Besides the solid-solution strengthening 
and FCC-HCP phase transformation hardening, how do the carbide and nitride 
precipitates influence the fatigue behavior? Nitrogen significantly increases the yield 
strength of ULTIMET alloy and enhances resistance to pitting. The effects of nitrogen 
appear to be due to its presence as interstitial in the grains and occurrence of lattice 
dilation. On the other hand, the precipitation of intermetallic compounds and Laves 
phases, such as Co2W, may be deleterious to the mechanical properties of materials at 
room temperature. 
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6. Fatigue Mechanisms 
Fatigue has long been recognized as one of the major causes for the catastrophic damage 
in components or even entire systems. Investigations of the fatigue process in its intricacy 
and complexity have been carried out for more than 160 years. Fatigue of metallic 
materials under varying mechanical loading is known to be a process of gradual 
accumulation of damage. The progression of fatigue damage can be broadly classified 
into the following stages:1331 (a) substructural changes which cause nucleation of 
permanent damage, (b) creation of microscopic cracks, (c) growth and coalescence of 
microscopic flaws to form 'dominant' cracks, which may eventually lead to catastrophic 
failure, (d) stable propagation of the dominant macrocrack, and (e) structural instability 
or complete fracture. 
Since Forsyth1341 first documented slip-induced surface roughening during fatigue, 
Wood1351 proposed mechanisms to rationalize the origin of fatigue cracks. The basic 
premise of his postulate was that repeated cyclic straining of the material leaded to 
different amounts of net slip on different glide planes, and the irreversibility of shear 
displacements resulted in the 'roughening' of the material surface. It is well known now 
that fatigue cracks initiate along the bands of localized deformation known as slip bands. 
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There are numerous studies of the initiation and propagation of fatigue cracks. The 
optical microscopy (OM), scanning electron microscopy (SEM), and transmission 
electron microscopy (TEM) techniques were used to explore the microstructural 
evolution along the slip bands. More recently, techniques were developed, especially 
scanning tunneling microscopy (STM) and atomic force microscopy (AFM), to measure 
the surface displacement due to fatigue, on the order of 20 nm. c36-401 
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7. Critical Issue: Fatigue Damage 
(a) How to Quantitatively Dissociate Fatigue Crack Initiation and Propagation? 
(b) How to Quantitatively Evaluate Fatigue Damages Due to the Combination of Fatigue, 
Creep, and Environment? 
Philosophically, fatigue life should be divided into crack initiation and propagation 
phases since their kinetic laws are known to be different. However, making a clear 
distinction between crack initiation and crack propagation can become a critical issue. 
Developing a quantitative understanding of the crack-initiation processes must be 
regarded as one of the most important tasks in which success to date has been somewhat 
limited. 
Pure fatigue damage is produced by time-independent inelastic deformation. However, 
superalloys are used at high temperatures in aggressive environments, and damage is 
often due to the combined effects of fatigue, creep, and environment. Quantitatively 
evaluation of fatigue damages due to different mechanisms is necessary to 
mechanistically understand and model fatigue behavior at high temperatures. 
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8. Theoretical Modeling 
Various methods and theories have been developed to study and model the fatigue 
process. A diversity of theories, ranging from constitutive models, micromechanics, and 
damage mechanics, to empirical solutions, have been developed to predict the fatigue 
behavior. However, many issues regarding fatigue mechanisms and phenomena remain 
unsolved. The difficulties of fatigue studies result from (a) many internal and external 
factors, such as material properties, loading conditions, geometry, etc., which affect the 
fatigue behavior, (b) these factors being not independent of each other, and (c) 
simplifications and assumptions made in order to understand the fatigue process. £411 
For typical engineering applications, empirical equations have been utilized extensively 
and successfully to describe the phenomenological fatigue behavior of materials. In the 
case of high-cycle fatigue, the Basquin's relation is generally used. In the case of low-
cycle fatigue, the Manson-Coffin low-cycle fatigue relation is used. £421 Equation (2-7) 
forms the basis for the strain-life approach to the fatigue design, and has found 
widespread applications in industrial practice. 
(2-7) 
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In Equation (2-7), 8E is the total strain range, 8Ee is the total elastic strain range, 8Ep is 
the total plastic strain range, u; is the fatigue strength coefficient, E is the Young's 
Modulus, bis the fatigue strength exponent, e; is the fatigue ductility coefficient, c is the 
fatigue ductility exponent, and Nr is the number of cycles to failure. 
From the micromechanics viewpoint, much theoretical work was conducted in an effort 
to explain the formation of cracks along slip bands. The theories may be categorized into 
two classes. The first category is the theories which explain crack formation as a gradual 
process that begins at the commencement of fatigue. These theories are mainly based on 
the formation of extrusions and intrusions. Lin et al. l43-4SJ critically reviewed several 
different theories of fatigue crack initiation, and proposed a micromechanical model for 
crack initiation. Another class of theories was put forth by Mura et al. 1461 Those 
theories136-40·461 described the slip band as an accumulation of vacancy dipoles piled up 
against an obstacle. In their approach, the accumulation of dislocations along slip bands 
due to slip irreversibility leaded to the build-up of strain energy along these slip bands. 
For this class of theories, cracks were assumed to initiate when the change of the free 
energy reaches a crack-nucleation criterion. 
Furthermore, Baxter et al.1471 quantitatively measured the growth of slip bands using 
photoelectron microscopy. Baxter et al. l4BJ proposed that during the early stages of crack 
formation, the elongation process of persistent slip bands was accompanied by cyclic 
hardening of the material within the previously formed portion of persistent slip bands. 
This model was made quantitative by selecting materials properties based upon the 
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microstructure of persistent slip bands and calculating the deformation field by the finite-
element method. Based on this analysis, Baxter et al. 149•501 further developed models for 
the prediction of the high-cycle fatigue life and fatigue limit of various alloys. 
In recent years, there was a substantial development of so-called "Unified Theories", in 
which the irreversible processes, such as inelastic behavior and damage, were represented 
by a set of internal state variables. 1511 The internal state variables were typically described 
by constitutive laws of plastic deformation with the objective of the inelastic analyses of 
structural components. Initially, the theoretical development had its origin in the works of 
Malvern,1521 etc. whose model did not contain evolving internal state variables to describe 
inelastic behavior. The field started to gain momentum in the mid-1960s when internal-
state-variable models began to appear. With the improvement of computers, rapid 
advances were made in the 1970s through the modeling efforts of Bodner and 
Partom,153•541 Hart, 1551 etc., and further refined in the 1980s by Kremple et al}56-591 etc. 
28 
9. Critical Issue: Fatigue Life Prediction and Constitutive Behavior for Thermal-
Mechanical Cycling 
(a) How to Construct the Evolution Laws of Internal State Variables to Describe the 
Inelastic Behavior of ULTIMET Alloy? 
(b) How to Integrate the Constitutive Models and Failure Criteria to Predict Fatigue Life? 
The constitutive models based on viscoplasticity constitutive laws have great advantages 
to describe the cyclic loading conditions at room and elevated temperatures under small 
strains. Under a constant temperature condition, the constitutive models could describe 
isotropic hardening, directional hardening, rate-dependent plasticity,C53·59l and factors in 
affecting fatigue micromechanisms, such as precipitation hardening, dislocation structure 
evolution, 1601 and grain-boundary sliding. 1551 
By introducing internal state variables for the derivation of inelastic changes of materials 
and/or microstructural changes, a thermodynamics-based framework may be developed 
for the prediction of thermal-mechanical responses during fatigue. Most of the work has 
been done in the context of infinitesimal deformation, in which the constitutive state law 
may be written with the Helmholtz free energy or be equally represented by other 
thermodynamic potentials, such as the Gibbs free energy through the Legendre-Fenchel 
transformation. Kratochvil and Di11on161 .631 presented an analytical framework for the 
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study of crystalline elastic-plastic materials and elastic-viscoplastic materials in the 
thermal and mechanical fields. Cernocky and Krempl, et al. [56-591 proposed a rate-
dependent isotropic theory. Moreover, Allen et al.[64-651 formulated a thermodynamic 
model to predict the thermomechanical responses in a thermoviscoplastic uniaxial bar 
using internal state variables. Hartc55l proposed internal state variables based on the 
consideration of micromechanisms of material deformation, e.g., grain-boundary sliding. 
Although the intended viscoplasticity theories differed in the choice of hardening 
variables, those models were represented in a unified way by the internal state variables. 
Incorporating the constitutive model into the thermodynamic framework, the stored and 
dissipated energies during fatigue may be evaluated based on the constitutive models. 
Since the dissipated energy is a useful basis for the establishment of failure criteria in 
fatigue,c66•671 the fatigue life can be predicted by the convergence of constitutive models 
and failure criteria. Following the simple concept that the elastic strain energy is 
consumed mainly by the last cycle of fatigue, and the plastic strain energy is useful in 
predicting the accumulation of damage before final failure by the equation 
(2-8) 
where WP is the total plastic strain energy density consumed during fatigue, /l. W is the 
dissipated energy density per cycle, and Nr is the number of cycles to failure. Thus, the 
fatigue life in terms of the number of cycles may be derived based upon the consideration 
of the plastic strain energy density. 
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10. Project Objectives 
The objectives of the present research were: (a) to establish an innovative, fundamental 
methodology integrating mechanical testing, microstructural characterization, and 
nondestructive evaluation, (c) to identify the FCC to HCP phase transformation during 
high and low-cycle fatigue at room and elevated temperatures, (c) to understand and 
characterize the key processes that control the fatigue-crack initiation and propagation 
behavior of ULTIMET alloy, and (d) to formulate theoretical models for predicting the 
constitutive behavior of ULTIMET alloy at both room and elevated temperatures, and 
fatigue life. 
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11. Technical Approaches 
In the present research, material testing systems, microstructural investigation by means 
of the OM, SEM, TEM, and x-ray diffraction, and nondestructive evaluation methods, 
such ,as thermography, acoustic emission, and positron spectroscopy, were integrated to 
study the fatigue behavior of a ULTIMET alloy. 
Uniaxial high-cycle, low-cycle, and high-frequency fatigue tests were performed to 
investigate the phenomenological fatigue behavior of ULTIMET alloy. The influence of 
stress and strain amplitudes, temperatures, and environments was emphasized. The virgin 
and tested specimens were subjected to detailed microstructural characterizations to 
provide a mechanistic understanding of the fatigue behavior. The microstructural 
evolution during fatigue was characterized. The strain-induced FCC to HCP 
transformation phenomenon at room and elevated temperatures was carefully examined. 
Based on the experimental observations, theoretical models to predict the fatigue 
behavior and fatigue life were developed for ULTIMET alloy. 
The overall approach recognizes the important role of internal variables, such as the 
dislocation structure, precipitation, and phase transformation, in addition to external 
variables, e.g., the loading, temperature, and environment. Attempts were made to 
capture and quantify the influence of internal and external variables on the fatigue 
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behavior of ULTIMET alloy. Using the constitutive laws to describe the hardening 
behavior, including isotropic hardening, directional hardening, and precipitation 
hardening, a mechanistic-based constitutive model was developed and integrated into a 
thermodynamic framework to predict the constitutive behavior of the alloy subjected to 
fatigue at room and elevated temperatures. Specifically, an energy criterion was 






Based on the background information and identified critical issues on studying the fatigue 
behavior of ULTIMET alloy in PART 2, experiments were performed integrating 
mechanical testing, microstructural characterization, and nondestructive evaluation. 
Fatigue testing was conducted to generate the stress or strain versus life curves. 
Microstructural characterization provided a fundamental mechanistic understanding of 
the phenomenological fatigue behavior of ULTIMET alloy. Nondestructive evaluation 
quantified the fatigue damage. Empirical and theoretical models were developed to 
predict the constitutive behavior and fatigue life of the alloy, based on the experimental 
results. 
The fatigue-crack initiation and propagation behavior is identified as one of the critical 
areas in determining the safety, durability, and reliability of structural components. The 
high-cycle, low-cycle, and high-frequency fatigue properties of ULTIMET alloy were 
studied in detail, and the phenomenological fatigue behavior of ULTIMET alloy was 
characterized by determining the effects of stress, microstructure, and temperature on 
fatigue life. 
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2. ULTIMET Alloy 
Wrought cobalt-based alloys including ULTIMET alloy provide excellent elevated-
temperature strength, and resistance to various forms of wear and sulfidizing 
environmentsP-81 ULTIMET alloy, developed by HA YNES International, Inc., is a Co-
Cr alloy containing mainly about 26 % (weight percent) Cr; the nominal chemical 
composition is shown in Table 1-1. 141 It possesses a high tensile strength combined with 
excellent impact toughness and ductility.141 ULTIMET alloy is a pertinent material for 
fabricating structural components, such as agitators, blenders, spray nozzles, screw 
conveyors, and valve parts. The typical room-temperature yield strength of the alloy was 
586 MPa, the tensile strength is 1,000 MPa, and the elongation is 39% with a gage length 
of 19.05 mm for plate products. 
The tensile data of ULITMET alloy at elevated temperatures is shown in Figure 3-1. 161 
Generally, the evolution of yield strength, tensile strength, and elongation at various 
temperatures could be categorized into three regions: (a) from room temperature to 200 
°C, the yield strength and tensile strength decreased, and elongation increased, (b) from 
200 °C to 700 °C, the yield strength, tensile strength, and elongation were relatively 
stable, and (c) above 700 °C, the yield strength and tensile strength decreased drastically, 
and elongation increased rapidly as well. 
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The element, cobalt, exhibits two crystallographic forms. Below 400°C, the stable 
structure is hexagonal-close-packed (HCP or E); above this temperature, it is face-
centered-cubic (FCC or a), as shown in Figure 2-2. CI4J It is because of this phase 
transformation upon cooling or heating, which makes cobalt a unique alloy base. csi For 
most of the cobalt-based alloys in the solution-annealed condition, the FCC phase was 
retained due to fast cooling to room temperature, and the FCC to HCP transformation 
does not occur at room temperature owing to the lack of sufficient thermal energy. 
The ULTIMET alloy used for the present study was produced as follows: (a) A plate 
feedstock was reduced in thickness from 30.48 to 1.27 cm in a 4-pass, cross-rolling 
sequence at 1,200°C, and (b) The material was solution-annealed at 1,120°C for about 20 
to 30 minutes, then water-quenched to room temperature in order to retain the FCC 
structure. 
However, the transformation is easily triggered at room temperature by mechanical 
deformation. The transformation process involves the coalescence of stacking faults.c3•5-BJ 
For some cobalt-based superalloys, such as MP35N, HA YNES® 25 alloy, and Co-31Ni 
alloy, etc., it was shown that plastic deformation or cyclic deformation could induce the 
FCC to HCP transformation at room temperature.[15•161 Therefore, it is likely that 
ULTIMET alloy may undergo the a to E transformation during fatigue testing. 
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3. High-Cycle Fatigue 
Cylindrical specimens were used for uniaxial high-cycle fatigue tests. The geometry of 
the specimen, shown in Figure 3-2, and the test procedures were in accordance with the 
American Society for Testing and Materials (ASTM) E466 for "Conducting Constant 
Amplitude Axial Fatigue Tests of Metallic Materials". 1661 The gage section of the test 
specimens was 5.08 mm in diameter and 19.05 mm in length. The final polishing 
operation produced fine marks parallel to the longitudinal axis of the test specimen, and 
the surface roughness less than 0.2 µm was in compliance with the ASTM standard. 1661 
A newly developed electrohydraulic material test system, MTS Model 810, was used for 
fatigue experiments. It featured a Teststar Ils controller and operation software, which 
allowed customized configurations to satisfy different requirements for mechanical 
testing. It had high-accuracy data control and acquisition capabilities, and it was also easy 
to use with a friendly interface. This system was equipped with an advanced 
CENTORR/VI TESTORR ™ furnace, such that tests can be conducted in different 
environments, including air, vacuum, argon, etc., from approximately 21 °Cup to 2,000 
°C. The high-vacuum environment was obtained firstly using a mechanical pump to 
obtain a rough vacuum, and the furnace was evacuated by a diffusion pump to reach 10-6 
to 10-7 torr vacuum within hours. 
38 
Fatigue tests were performed under load control using a sinusoidal waveform at 25 Hz. 
Loading was from tension to tension, with R ratios (the ratio of the applied minimum 
stress level, Gmin, to the maximum stress level, crmax) of 0.05, 0.3, 0.5, and 0.7, and in air 
and vacuum. All tests were conducted at ambient temperature (25 °C). The specimens 
were cyclically loaded until failure or up to approximately 107 cycles as run-out. 
The extensometer used was capable of measuring strains during a fatigue test with a 
frequency ranging from Oto 100 Hz. The traveling distance of the extensometer was 1.27 
mm with a gage length of 12.7 mm. 
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4. High-Frequency Fatigue 
Uniaxial high-cycle fatigue tests were performed using smooth round-bar specimens. The 
geometry of the specimen, shown in Figure 3-3, and the test procedures were in 
accordance with the ASTM E466 for "Conducting Constant Amplitude Axial Fatigue 
Tests of Metallic Materials".c661 For 1,000 Hz tests, the gage sections of the test 
specimens were 5.08 mm in diameter and 15.24 mm in length. The final polishing 
operation produced fine marks parallel to the longitudinal axis of the test specimen, and 
the surface roughness less than 0.2 µm was in compliance with the ASTM standard. [661 
For high-frequency (1,000 Hz) fatigue testing, a state-of-the-art material test system, 
MTS® Model 1,000 Hz 810, was employed. This material test system had a Teststar n® 
controller and operation software. It had high-speed and accurate data-acquisition 
capabilities. The "voice coil" servovalve enabled the material test system to operate at 
1,000 Hz. This high-frequency material test system provided the capabilities to perform 
the fatigue test under accurate control, and complete a fatigue test of life up to 109 cycles 
within a reasonable time period (11 days). To avoid the testing noise at 1,000 Hz, the 
machine was situated in a well-designed, sound-proof room equipped with an air 
conditioner, which offered the cooling capability to prevent the over-heating of 
servovalves. The MTS® Model 1,000 Hz 810 system was also utilized to conduct fatigue 
tests at 20 Hz. 
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High-cycle fatigue tests were performed under load control using a sinusoidal waveform 
at 20 Hz and 1,000 Hz. Loading was from tension to tension, with a R ratio of 0.05. All 
tests were conducted in air at ambient temperature (25 °C). The specimens were 
cyclically loaded until failure or up to approximately 107 cycles as a run-out for the 20 Hz 
tests, and 109 cycles as a run-out for the 1,000 Hz tests. 
Since oxygen and moisture have significant effects on the fatigue behavior of the 
ULTIMET alloy,1191 the moisture was monitored for the environments where both MTS 
Model 810 and MTS Model 1,000 Hz 810 systems were situated. The relative humidity 
was measured by a Mannix 990DW Thermo-hygrometer. The average relative humidity 
in the room for MTS Model 810 was 20 to 24%, but in the room for MTS Model 1,000 
Hz 810, it was 40 to 46%. The oxygen contents in both environments were assumed to be 
the same, 20% (volume percent) of typical air. The difference of the moisture was due to 
the air conditioning of the room for the MTS Model 1,000 Hz 810 system. 
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5. Low-Cycle Fatigue 
A newly-developed electrohydraulic material test system, MTS Model 810, was used for 
low-cycle fatigue experiments. It featured a Teststar IIs® controller and operation 
software, and was equipped with an advanced high-temperature air furnace, such that 
tests could be conducted in air from approximately 21 °C to 1,400 °C. A high-temperature 
extensometer, which had two ceramic legs and was cooled by compressed air, was used 
to measure the axial strain. 
Cylindrical specimens with a gage length of 17 .5 mm and a diameter of 7 .62 mm were 
used for low-cycle fatigue tests. The geometry of the specimen, shown in Figure 3-4, and 
the test procedures were in accordance with the ASTM E466 for "Strain Controlled 
Fatigue Testing". £671 The constant total strain-controlled fatigue tests were performed 
under completely reversed straining at the total strain ranges of 0.4, 0.6, 1.0, 1.5, 2.0, and 
2.5%. The strain ratio, R (minimum strain/maximum strain), was -1. The strain rate was 
set as a constant of 3 x 10-3 s-1• With the considerations of tensile properties, as shown in 




In order to quantify the fatigue damage and critically identify the fatigue-crack initiation 
and propagation characteristics, a nondestructive evaluation method, thermography, was 
utilized. Infrared (IR) is an invisible portion of the light spectrum extending from 0.75 to 
1,000 µm. All objects warmer than absolute zero Kelvin (-275.15 °C) emit energy 
somewhere within that range. The IR thermography is the process of detecting the 
invisible infrared radiation and converting the energy detected into visible light. The 
resultant image depicts and quantifies the energy being radiated and reflected from the 
object viewed, and can be transformed into temperature maps. The IR thermography is a 
convenient technique for developing digital temperature maps from the invisible radiant 
energy emitted from stationary or moving objects at any distance. There is no surface 
contact or any perturbation of the actual surface temperature of the objects investigated. 
In the present study, a state-of-the-art, high-speed, and high-sensitivity Raytheon 
Radiance HS® infrared imaging system was used to record the temperature changes 
during high-cycle fatigue. The IR camera had a 256 x 256 pixels Focal Plane Array 
(FPA) InSb detector, which was sensitive to 3 - 5 µm wavelength thermal radiation. The 
camera operated in a snapshot mode and could be externally triggered. In the high-speed 
mode, i.e., 144 Hz, up to 800 full-frame images can be taken into the memory of the 
frame-grab card, and then transferred into the hard disk. In the low-speed mode, i.e., 2 Hz 
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or slower, 1,000 full-frame images (about 100 MB) or more can be stored directly into 
the hard disk. The temperature resolution of the camera was 0.015 °C at 23 °C. 
Before fatigue testing, a thin submicroscopic graphite coating was applied to the 
specimen in order to reduce IR reflections, and the temperature measurement of the IR 
camera was calibrated using a heat gun, which was used to heat up the specimen. The 
radiant energy intensities of each specimen were obtained by the IR camera at 
temperatures ranging from room temperature to a temperature greater than the estimated 
highest temperature of each fatigue test. Meanwhile, the corresponding temperatures 
were measured by a thermocouple. The relationship between the IR radiant energy 
intensity and temperature was established by a best-fit line of the measured results. 
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7. Microstructural Characterization 
The characterization of the microstructures of ULTIMET alloy is requisite to understand 
their fatigue behavior, and in tum, helps the improvement in processing and provides 
guidance for materials design. Although such microstructural examinations are generally 
straightforward, making them carefully is not a trivial task, and will require care and 
patience. The microstructural information obtained could serve as invaluable input 
parameters for theoretical modeling efforts. Specifically, the grain structure, phase 
morphology, and dislocation structure were characterized by optical and electron 
microscopy. 
The Nikon Epiphot and Microphot FX optical microscopes was utilized to examine the 
microstructure. For sophisticated microstructural characterization and quantitative 
microchemical analyses, a Cambridge 360 SEM, which has a Link energy dispersive 
spectrometer, was utilized. For characterizing the fine microstructure, dislocation 
morphology, and presence of various phases, a Hitachi 800S 200 KeV TEM was 
employed. Revealing and interpreting the structural details of specimens subjected to 
fatigue are crucial to understand their micromechanism of fatigue behavior. 
Room temperature x-ray diffraction (RTXRD) structural analyses were conducted using a 
Scintag PAD V vertical 0/20 (20 is the angle between the diffracted beam and the 
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transmitted beam of x-ray diffraction) goniometer with CuKa radiation (45 kV and 
40mA) and a Si(Li) Peltier-cooled solid state detector. The data were collected as step 
scans, with a step size of 20 of 0.02° and a count time of l sec/step in the 20 range of 30 
to 100°. The ambient temperature during data collection was i9s ± l K. 
High temperature x-ray diffraction (IITXRD) structural analyses were conducted using a 
Scintag PAD X vertical 0/0 goniometer equipped with a modified Buehler HDK-2 
diffraction furnace, CuKa radiation (45 kV and 40 mA) and a Si(Li) Peltier-cooled solid 
state detector. All data were collected in vacuum. The Mo heater strip temperature was 
monitored with a Pt/Pt-10%Rh thermocouple spot-welded on which the sample was 
sitting. The readings of the top of the samples were checked with an optical pyrometer 
(Pyrometer Instrument Company, Inc. Bergenfield, NJ. Model 95). 
The metallurgraphic specimens prepared for the OM and SEM observations were 
mechanically polished according to the standard procedure. Prior to etching, the 
mechanically polished specimens were electropolished, since ULTIMET alloy work 
hardens. A solution of 730 ml ethonal, 78 ml perchloric, 90 ml distilled water, and 100 ml 
butylcellosolve was used for electropolishing. The mechanically-polished specimens 
were placed on a Buehler Electromet®4 Polisher/Etcher at 20 Volts with a stainless steel 
cathode for 5 to 10 seconds. 
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An etchant of 95 ml of reagent grade hydrochloric acid (HCI) and 5 gram oxalic acid 
powder was used for etching. The specimen was contacted with a stainless steel probe as 
an anode, and a graphite rod as the cathode was placed near the specimen at a direct 
current (DC) potential of 1 volt for 5 to 10 seconds. 
The specimens for x-ray diffraction structural analyses were cut from the gage sections 
out of the fatigue fractured specimens, i.e., sections close to the fracture surface. Then the 
sliced specimens were mechanically polished and electropolished. The polishing 
procedures are the same as that for metallographic specimens. A Sintag room temperature 
x-ray diffraction was employed. 
In order to investigate the changes of the surface morphology of specimens subjected to 
fatigue by a Cambridge 360 SEM, the surfaces of some as-received fatigue specimens 
were mechanically polished and electropolished using the same solution for 
metallographic specimens. 
For the TEM study, the disc specimens of 0.1 mm thick and 3 mm in diameter were 
sliced from the as-received and fatigued materials. The disc specimens were 
mechanically polished, and then, electropolished by the Struers Tenupol-3 electrolytic 
polish apparatus at a DC potential of 20 volts, using the solution mentioned above. A 
Hitachi 800S 200 KeV TEM was utilized. 
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PART4 
PHENOMENOLOGICAL ASPECTS OF THE 
HIGH-CYCLE FATIGUE BEHAVIOR 
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1. Introduction 
Fatigue-crack-initiation and propagation behavior has been identified as one of the 
critical areas in determining the safety, durability, and reliability of structural 
components. Traditionally, the fatigue design curves were based primarily on stress or 
strain-controlled fatigue tests of small, polished specimens at room temperature in air. 
The best-fit curves to the experimental test data were lowered by a certain factor on 
stresses or cycles, to ensure safety and economic considerations. The factors, relating the 
fatigue lives of laboratory test specimens to those of actual components, include scatter in 
the data, environment, surface finish, R ratio, specimen geometry, etc. However, to 
comprehensively study the influences of these factors on the fatigue resistance of 
materials, a great number of experimental runs, based on conventional experimental-
design principles, would be needed. In the present study, a new experimental method, 
uniform design, was employed to plan tests. This method enabled the fewest tests to 
identify and estimate the effects of different factors on fatigue life, but still develop 
usable results. 
The availability of fatigue data in ULTIMET alloy will provide new commercial 
opportunities for the structural application of this alloy.c3·5•61 In addition, the systematic 
study of the effects of R-ratio, maximum stress, and environment on the fatigue life of 
ULTIMET alloy not only offer pertinent information for engineering applications, but 
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also facilitate the understanding of crack nucleation and propagation behavior in light of 
microstructural characterizations by x-ray diffraction, optical metallography (OM), 
scanning electron microscopy (SEM), transmission electron microscopy (TEM), etc. 
The high-cycle fatigue characteristics of ULTIMET alloy with various R ratios, 
maximum stresses, and environments are described in this PART. The microstructural 
and fractographic characterization is presented to understand the crack initiation and 
propagation behavior of this alloy subjected to high-cycle fatigue. 
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2. Experimental Design 
Uniform Design Method 
Experimental designs have wide applications in the science and engineering research, 
manufacturing, agricultural experiments, and quality control. Usually, an experimental 
design should satisfy two principles: (a) Uniformity: The experimental points should be 
scattered uniformly on the domain for experimentation so that these points form a good 
representation of the test data; and (b) Regularity: The experimental points should satisfy 
some regularity conditions so that it is convenient to do the analysis of variance for the 
experimental data. 1681 
The orthogonal array design is one of the traditional methods adhering to these principles, 
but sometimes too many experiments are required in order to satisfy principle (a). 
Generally, the total number of experiments is equal to the square of the largest number of 
levels of a factor among those considered. Hence, the total number of experiments may 
be too large for most practical problems. The uniform design method, developed by 
Wang and Fang,1681 is an experimental technique, which only adheres to principle (a) and 
uses a uniformly scattered set of points on the experimental domain. The set of points is 
obtained by the number-theoretic method. 1681 The advantages of the uniform design 
method lie in that the number of experiments is considerably less than that required by 
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the other known experimental design techniques when the number of levels of factors is 
large, and it still develops usable results.c6s-71 J 
A table of the uniform design is obtained by generating a set of experimental points, 
which satisfies the experimental design principle (a) -- uniformity. There are several 
useful methods for generating uniformly distributed sets of points on the experimental 
domain, c5. These sets are also called number theory nets on c5. One of them is a good 
lattice point (OLP) set. In practice, for the convenience of computation, a OLP is 
obtained by the so-called good lattice point modulo n, where n is an integer. [681 In the 
present study, the table of a uniform design was obtained by generating a vector, (n; h1, 
... , ht), of a OLP set, where 1 = h1 < h2 < ... <ht< n, and the greatest common divisors of 
(n, hi)= 1, i = 1, ... , t. Let 
{
qk; = modn(kxh;) 
Xk; = (2qk; -1)/ 2n 
k = 1, ... , n, and i = 1, ... , t 
where modn ( ) is the usual multiplicative operation modulo n. 
(4-1) 
In Equation (4-1), qki is confined to O < qki < n, as the modified multiplication modulo n is 
applied. The set, P n = { xk = (xk1, ... , Xks), k = 1, ... , n}, is called the lattice point set of the 
generating vector, (n; h1, ... , h5). If the set, Pn, has the smallest discrepancy, the measure 
of the uniformity, among all possible generating vectors, then the set, Pn, is called a OLP 
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set. The table of a uniform design is formed by finding a generating vector so that its 
corresponding lattice point set has the lowest or lower discrepancy. 
The discrepancy may be defined using the number-theoretic, geometrical, and statistical 
methods. Utilizing number-theoretic techniques, Fang and Wang1681 employ 
1 n s 1 
D(h) = - LI1 (1--ln(2sin( 7rl/k; ))) 
n k=I i=I n n + 1 
(4-2) 
to find a best vector, h* = (h1*, ... , h/), such that D(h*) is minimized among all possible 
h5• Tables of the best vector, h*, for 4 ~ n ~ 31 and 2 ~ s ~16, are given by Wang and 
Fang.1721 
Experimental Design 
In the present work, the uniform design method was employed to arrange the 
experimental series in order to systematically study the effects of different factors 
influencing the S-N (the maximum applied stress level versus number of cycles to failure 
or run-out) curve of ULTIMET alloy. Firstly, the S-N data were developed, from which 
the general trend of the S-N curve was characterized. The factors, which affect the fatigue 
life, were carefully selected. Then, the experimental arrangement was designed, based on 
the uniform design method. Finally, the results were analyzed, and a statistical model was 
developed. 
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For the high-cycle fatigue test, as recommended by ASTM, the minimum number of 
specimens to generate a S-N curve is 12 to 24P31 Based on this requirement, a S-N curve 
was obtained, as presented in Figure 4-1, using a R ratio of 0.05 at room temperature in 
air, which will be discussed further in the results and discussion section. One objective of 
our research was to characterize and model the fatigue crack initiation behavior of 
ULTIMET alloy, and it was necessary to (a) understand if there was any interaction 
effects of the environment, R-ratio, and stress level, (b) assess the magnitude of the 
influence of these factors on fatigue life, and (c) develop a statistical model to represent 
the S-N data based on these factors. 
As shown in Figure 4-1, there was a plateau region at a stress level around 600 MPa, 
which was close to the yield strength level of ULTIMET alloy, 586 MPa. fa this study, 
three test parameters, i.e., stress level, environment, and R-ratio, were of concern. Other 
factors, such as the change of mechanisms, specimen size, surface finish, etc., were 
excluded. The values of three testing factors were selected as follows: (a) The maximum 
stress levels were in the range of 600 to 880 MPa, and were selected to be 105, 115, 125, 
135, 145, and 155% of the yield strength, 586 MPa; (b) The environment was chosen as 
two levels: air and vacuum on the order of 10-6 to 10-7 torr, which were related to the 
capabilities of the testing system; and (c) The R-ratio was selected as levels of 0.05, 0.3, 
0.5, and 0.7. 
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The general orthogonal array design method requires at least 36 test runs, which is the 
square of six, the number of levels of the maximum stress, which has the maximum 
number of levels among the three testing factors of stress, environment, and R ratio. 
However, for the uniform design technique, the experimental series were confined with 
12 test runs, as shown in Table 4-1. The arrangement of the experiments in Table 4-1 was 
based on the method described in the previous section for a general consideration of 3 
factors, i.e., factor 1 had six levels, factor 2 had two levels, and factor 3 had 4 levels. This 
arrangement had a lowest discrepancy, and the experimental points were uniformly 
distributed on the experimental domain. Replacing the factor 1 by maximum stress levels, 
factor 2 by environments, and factor 3 by R ratios, the practical experimental 
arrangement is shown in Table 4-2. Using the uniform design, the number of experiments 
was significantly decreased, compared with the orthogonal array design. It saved a great 
amount of time and still provided useable results. 
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3. Microstructure of As-Received Material 
Figures 4-2 and 4-3 show the microstructure of ULTIMET alloy in the as-received 
condition, which was solution heat-treated. The microstructure was essentially of a single 
phase, FCC, with a great amount of annealing twins, and the grain size varies from 50 to 
250 µm. The high-magnification SEM micrographs in Figure 4-3 show the 
Widmanstatten-type morphology, which is more clearly revealed in the back-scattered 
electron image, Figure 4-3(a), than the secondary-electron image, Figure 4-3(b). The 
single-phase characteristic of ULTIMET alloy was also exhibited by the x-ray diffraction 
analysis. As shown in Figure 4-4, the alloy exhibited five well-defined FCC diffraction 
peaks within the 20 (20 is the angle between the diffracted beam and the transmitted 
beam of x-ray diffraction) range of 30 to 100°, which indicates that only the FCC phase 
was present. The calculated lattice constant is 0.358 nm. 
ULTIMET alloy is a low stacking fault energy (SFE) alloy. The stacking faults were 
abundant in the material, as shown in Figure 4-5(a). In Figure 4-5(b), a higher 
magnification TEM image of Figure 4-5(a), the characteristic fringes of stacking faults, 
which were created by the movement of partial dislocations, are very clear. Thus, the 
Widmanstatten structure was composed of stacking faults. The microstructural 
characteristics of ULTIMET alloy were quite similar to that of Haynes alloy No. 25, 
which had similar chemical compositions and processing procedures. Tawancy, lshwar, 
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and Lewisc151 identified a portion of the Widmanstatten phase as a HCP phase for Haynes 
alloy No. 25. 
However, for ULTIMET alloy, no HCP phase was observed in the as-received condition 
by x-ray diffraction. Because the sensitivity of the phase identification by x-ray 
diffraction is rather low (specifically, if the second phase is less than 5 percent, it cannot 
be detected by the x-ray diffraction instrument employed in the present study), special 
attention was drawn to the TEM diffraction technique. Since the HCP phase and FCC 
twin formed by the coalescence of stacking faults are very thin and show very similar 
morphologies, there are many matrix orientations in which FCC twins cannot be 
distinguished from HCP plates by TEM diffraction analyses. In addition, the TEM 
diffraction analysis is also complicated by the double diffraction. c251 However, in some 
special matrix orientations, e.g., <011>, the HCP phase and FCC twins will be 
unambiguously distinguished. c261 
Figure 4-6(a) is the bright-filed image, and Figure 4-6(b) is the diffraction pattern of the 
area in Figure 4-6(a), with a matrix orientation of [ 0 TT ] . It is clear that there was no 
Bragg diffraction spots resulting from the HCP phase. The Bragg diffraction spots in 
Figure 4-6(b) all resulted from the FCC matrix. Again, no HCP phase was observed for 
the as-received ULITMET alloy. 
Although the FCC phase was retained at room temperature for ULTIMET alloy in the as-
received condition, the FCC to HCP transformation was easily triggered at room 
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temperature by mechanical deformation. The transformed HCP phase was readily 
detected by x-ray diffraction structural analyses, as shown in Figure 4-7. In order to 
reveal the characteristic diffraction peaks of both FCC and HCP phases, the x-ray 
diffraction patterns in Figure 4-7 present the 20 range of 40 to 55°. As shown in Figure 4-
7, the x-ray diffraction pattern of the as-received material exhibited well-defined (111) 
and (200) peaks of an FCC phase. In the tension tested condition, the diffraction pattern 
of the specimen showed a significant additional peak, i.e., ( 10 T 1) peak of an HCP phase. 
The HCP phase formed after a tension test was also revealed by TEM diffraction, as 
shown in Figure 4-8. Figure 4-S(a) is the bright field image. Figure 4-S(b) is the 
diffraction pattern from the area of Figure 4-8(a), showing extra Bragg diffraction spots 
resulting from the HCP phase, which was induced by plastic deformation. Figure 4-8(c) 
is the dark field image exhibiting the HCP phase contributed to the Bragg diffraction 
spot, ( 01 TO )u, in Figure 4-S(b ). 
Similarly, for a specimen in a mechanically polished condition, the x-ray diffraction 
pattern showed the ( 10 T 1) peak of the HCP phase, as presented in Figure 4-7. Hence, all 
the specimens, prepared for microstructural analyses, e.g., SEM, TEM, and x-ray 
diffraction, were electropolished to eliminate the FCC to HCP phase transformation due 
to mechanical polishing. 
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4. Statistical Analysis of Fatigue Stress-life Data 
Several key variables that influence the fatigue S-N behavior of ULTIMET alloy were 
identified from the results of the experimental design, which are presented in Figure 4-9. 
Generally, as the maximum stress level increased, the fatigue life was decreased. Figure 
4-9 also indicated that the environment and R-ratio had relatively large effects on the 
fatigue life. The vacuum and high R-ratio (at the same maximum stress level) increased 
the fatigue life. 
For the development of a statistical model, the two data points, for which the specimens 
were not run to failure (as indicated by arrows in Figure 4-9), were excluded, when the 
model parameters were determined. Because of time constraints and the consideration of 
engineering significance, the tests of these two specimens were stopped after 107 cycles, 
and thus, they were not suitable to represent the actual fatigue life to failure in the model. 
A regression analysis was used to examine the main and interaction effects of the R-ratio, 
maximum stress, and environment on the fatigue life to failure of the specimens 
(measured as log cycles). The analysis found the optimum linear fit to the data by the 
least-squares method, which set the parameters so as to minimize the sum of the squares 
of the residual errors, which were the differences between the predicted and actual values 
of the fatigue lives. 
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In order to assess the significance of the main effects and interaction effects, the F-test 
was used. The F-value, which is a variance ratio distribution, is calculated according to 
the selected significance level (a.-level) and the number of degrees of freedom (DF) of 
the variables. Typically, a. is chosen as 0.05, and this requires that the data give evidence 
against a hypothesis so strong that it would happen no more than 5% of the time when the 
hypothesis is true. Fa is the critical value of the F-distribution for the given a.-level. If the 
calculated F-value is larger than Fa, it means that the variability among the specimens is 
large. In a regression analysis, the F-test yields an associated probability, Pr, which is the 
likelihood that the effect occurs due to chance. If this value is smaller than a certain 
chosen a.-level, then the term is considered significant, and is retained in the model. 
The Statistical Analysis System's (SAS) General Linear Model (GLM) was used in the 
analysis. GLM handles classification variables, which have discrete levels, as well as 
continuous variables. It can be used for many different analysis approaches, which 
include regression, analysis of variance, and analysis of covariance. l74J All the terms of 
main effects, e.g., maximum stress, R ratio, environment, and interaction effects, 
including (maximum stress) x (R ratio), (maximum stress) x (environment), (R ratio) x 
(environment), and (maximum stress) x (R ratio) x (environment), were considered in 
this analysis. 
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The modeling process was iterative. Initially, a model, which included all the terms of 
main and interaction effects, was tested and optimized, and its predictions were 
examined. The term, (maximum stress) x (R ratio) x (environment), which had the largest 
Pr value, and was insignificant at the ex-level of 0.05, was firstly dropped from the model. 
This step conserved degrees of freedom and increased the power of subsequent tests. 
Then, the new model was subjected to the same process. The next term with the largest Pr 
value was dropped from the model due to the same consideration. The model was 
finalized, when all the terms in the model were significant at the ex-level of 0.05. 
The statistical model for the S-N data of ULTIMET alloy is 
log(N) = 8.2743 + 3.0968 x R - 0.0050 x C1 + 0.6325 x Env (4-3) 
where N is the fatigue life defined as the number of cycles to failure, R is the R ratio, a is 
the applied maximum stress (MPa), and Env is 1 for the vacuum environment, and O for 
the air environment. 
Overall, the linear model explained 99.99% of the variance in the fatigue life with a Pr 
value smaller than 0.0001, and each variable was significant, as shown in Table 4-3. It 
also can be seen from Table 4-3 that the sums of squares and mean squares of all the 
factors are small with values less than 2.5, the F values are very large, as compared to a 
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critical value of 161,l161 and the Pr values are considerably low. Clearly, this model fits 
the data very well. 
The linear model can also be presented according to specific environments. The data in 
vacuum are best represented by 
log(Nv) = 8.8877 + 3.1327 X R-0.0050 x cr (4-4) 
where Nv is the fatigue life in vacuum. 
The data in air are best represented by 
log(Na) = 8.2547 + 2.8885 x R - 0.0049 x cr (4-5) 
where Na is the fatigue life in air. 
The model was consistent with the trends observed in the experimental S-N data. For 
example, the data predicted by Equation (4-3) was in good agreement with the 
experimental data with a R ratio of 0.05 at room temperature in air and vacuum, as shown 
in Figure 4-10. A linear relationship between the maximum stress and the number of 
cycles to failure in air and vacuum was clearly exhibited. According to the regression 
analysis, there were no interaction effects among the factors investigated. The 
coefficients (slopes) of the R ratio (3.1327 vs. 2.8885) and the maximum stress (--0.0050 
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vs. -0.0049) in Equations (4-4) and (4-5) for the two environments were very close in 
magnitude. This trend also indicates that there was no interaction among the R ratio, 
maximum stress, and environment within the tested range of ULTIMET alloy. As 
exhibited in Figure 4-10, the fatigue life in vacuum was about 4 times greater than that in 
air. 
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5. Microstructural Characterization of Fatigued Specimens 
After the specimen failed, the broken halves were sectioned in both the longitudinal and 
cross-sectional directions, and mechanically- and electro-polished. The microstructure of 
the cross-sectional area is presented in Figure 4-11, taken as SEM back-scattered-electron 
images. The deformation bands formed a crisscrossed network over the entire deformed 
area in the gage section for fatigue tests conducted below and above the plateau region, as 
shown in Figures 4-1 l(a) and (b), respectively. For the microstructure in the longitudinal 
direction, as shown in Figure 4-12(a), below the fracture surface, there was a secondary 
crack. In the high-magnification SEM back-scattered-electron image, Figure 4-12(b), at 
the area around the tip of the secondary crack in Figure 4-12(a), there were a large 
number of microvoids, which were aligned along the deformation bands. It is suspected 
that the linkage of these microvoids may have created the macrocrack. 
The stacking faults were found to play an important role in the fatigue process of 
ULTIMET alloy. As fatigue progressed, the stacking faults tended to form a network 
structure, and the density and thickness of stacking faults increased. The large number of 
stacking faults formed in the material could also serve as nuclei for the FCC-HCP 
transformation. Although the HCP phase was not found in the as-received and fatigue-
fractured specimens examined, it is suspected that the phase transformation may have 
occurred in the region close to the fracture surface. Microvoids formed along the 
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deformation bands where deformation triggered slip systems on both sides of the 
interface. The linkage of the microvoids eventually led to the formation of the crack, 
which caused the failure of the material. 
It has been observed that twinning contributes significantly to the plastic deformation of 
low SFE metals at relatively large strains (about 10%),1221 The formation of the HCP 
phase or FCC twins may be considered as a nucleation and growth process. The 
transformation of FCC to HCP can be achieved by the passage of a partial dislocation on 
every second { 111} plane in an FCC crystal, i.e., transforming ABCABC to ABABAB, 
where A, B, and C are the stacking sequences of the { 111} planes in an FCC crystal. 
While the passage of a partial dislocation on every adjacent { 111 } plane results in the 
formation of an FCC twin, i.e., transforming ABCABC to ACBACB. Once the HCP 
phase or FCC twin embryo is formed by dislocation interactions, it may then thicken by 
overlapping of other nuclei formed on the { 111 } planes parallel to its habit planes. The 
dislocation density is an important factor for the formation of the HCP phase and FCC 
twins. 
ULTIMET alloy with the FCC phase at room temperature is metastable and tends to 
transform to the HCP phase under the action of mechanical stresses or strains below the 
transformation temperature.c3·5-8•151 During the high-cycle fatigue tests of ULTIMET 
alloy, the interaction of the stacking faults may form the FCC twins and/or HCP phase. 
As presented in Figure 4-13, the FCC twins/HCP phase formed a crisscrossed network 
over the entire deformed area in the gage section. The dark-field image of Figure 4-13(a) 
65 
exhibited the FCC twins/HCP phase oriented in the 10 o'clock direction, which 
contributed to the "a" Bragg reflection of Figure 4-13(d). The bright FCC twins/HCP 
phase along the 2 o'clock direction of Figure 4-13(b) provided the contribution of "b" 
Bragg reflection of Figure 4-13(d). In the bright-field image, Figure 4-13(c), the 
dislocation structure was lying along directions and planes corresponding to the easy 
glide systems { 111 }<110>. Apparently, during fatigue, the interaction of the great 
amount of stacking faults formed the FCC twins/HCP phase and could have a strong 
influence on the fatigue behavior of ULTIMET alloy. 
Since both the FCC twins and HCP phase can be generated from an FCC matrix by 
stacking faults on { 111} planes, the morphologies of both structures are very similar, and 
special matrix orientations of the alloy were required for TEM diffraction to identify the 
FCC twins and HCP phase. However, the x-ray diffraction structural analysis readily 
distinguished the HCP phase from the FCC matrix of the alloy. The room-temperature x-
ray diffraction results are summarized in Figures 4-14 for the fatigue testing frequency of 
20 Hz. In order to reveal the characteristic diffraction peaks of both FCC and HCP 
phases, the x-ray diffraction patterns in Figure 4-14(a) present the 20 range of 40 to 55°. 
As shown in Figure 4-14(a), the x-ray diffraction pattern of the as-received material 
exhibited the well defined (111) and (200) peaks of an FCC phase. There were no 
noticeable changes of the x-ray diffraction patterns of specimens with the applied 
maximum stress levels of 490 and 586 MPa at 20 Hz, as compared to that of the as-
received specimen. However, the diffraction pattern of the specimen with an applied 
maximum stress level of 615 MPa showed a perceptible additional peak, i.e., (1011) 
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peak of an HCP phase. The additional HCP phase diffraction peak was significant in the 
x-ray diffraction pattern of the specimen with the applied maximum stress level of 762 
MPa. The evolution of the HCP phase diffraction peaks with different applied maximum 
stress levels is shown much clearer in Figure 4-14(b) with a 20 range of 45 to 50°. 
It is can be seen from the results of x-ray diffraction structural analyses that the FCC to 
HCP phase transformation was induced by plastic deformation during a fatigue test when 
the applied maximum stress level was above the yield stress, 586 MPa. One of the 
reasons for the presence of the plateau region might be related to the FCC to HCP phase 
transformation induced by plastic deformation. 
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6. Fractography 
After specimens failed due to cyclic deformation, the fracture surfaces were examined in 
a SEM. Figure 4-15 presents the fracture surface of a specimen fatigued at a relatively 
high maximum stress level of 821 MPa, with a R ratio of 0.05, in air and at room 
temperature. The topography of the fracture surface was uneven and possessed very 
crystallographic features, Figure 4-15(a). There were five fatigue crack initiation sites, as 
indicated by circles, and all of them were at the specimen surface. The two representative 
high-magnification micrographs of the five initiation sites, Figures 4-15(b) and (c), 
exhibit a similar cleavage-like fracture surface typical of stage I crack initiation. The size 
of the crack initiation sites was on the order of the grain size, ranging from 100 to 200 
µm. At a lower stress level, the fracture surface showed the same appearance, but there 
were fewer crack initiation sites, and they exhibited a cleavage-like fracture mode. 
After the crack-initiation stage, the cracks propagated through the gage section of the 
specimen. The characteristic feature of the crack propagation region was the "stair step" 
appearance, Figure 4-15(d). This trend indicates that the crack propagation was very 
crystallographic. In previous work, Shen et al. 1751 pointed out that the striation spacing 
was small, and the propagation speed was slow. 
The fractograph in Figure 4-15(e) illustrates the final overload region. The feature of the 
fatigue overload region was similar to that of the tensile overload region. Interestingly, 
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the regularity of the microstructure of the fracture surface in Figure 4-15(e) was 
consistent with the Widmanstatten pattern in Figure 4-3. 
The SEM micrographs in Figure 4-16 show the crack-initiation site of a specimen 
fatigue-tested at 20 Hz with an applied maximum stress of 674 MPa in dry air. The 
fatigue crack initiated from an internal origin of the specimen, as shown in Figure 4-
16(a), but it possessed the same feature as the crack-initiation site in Figures 4-15(b) and 
(c). The high-magnification view of the cleavage-like crack-initiation site, Figure 4-
16(b), shows the presence of slip bands. The structure of the slip bands on the crack-
initiation site is consistent with the networked deformation-band structure, shown in 
Figure 4-11. This feature also provided the evidence that the crack may initiate from the 
interface of deformation bands, which were composed of FCC twins and/or HCP phases 
and experienced large plastic deformation during fatigue, as shown in Figure 4-12(b). 
Under all conditions, the high-cycle fatigue behavior of ULTIMET alloy exhibited a 
typical two-stage fatigue-crack-growth process: (a) stage I fatigue-crack initiation in 
which the maximum shear stress dominated, and (b) stage II fatigue-crack growth in 
which the maximum principal tensile stress controlled. It was noted that the stage I crack 
was confined within one grain, and the fracture appearance was cleavage-like. Generally, 
for the crack initiation from the surface, as shown in Figures 4-15(b) and (c), the 
persistent slip bands on the surface led to the stage I crack propagation, but for the crack 
initiation from the internal origin, as presented in Figure 4-16, the crack initiation could 
result from the evolution of the stacking faults. 
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7. Crack-Initiation Location 
The general trend of the S-N data was that the fatigue life increased with decreasing the 
maximum stress level. The fatigue strength of ULTIMET alloy at room temperature, a R 
ratio of 0.05, and in air was around 480 MPa. A similar trend applies to the fatigue results 
in vacuum. A very interesting aspect of the S-N data, as shown in Figure 4-17, was a 
plateau region at around 600 MPa, which was close to the yield strength of the alloy, 586 
MPa, regardless of the environment. 
Typically, the fatigue crack initiation occurs on the specimen surface as a result of the 
irreversible process of extrusion and intrusion formation through slip deformation. This 
trend was true for the high-cycle fatigue of ULTIMET alloy at higher applied maximum 
stress levels, greater than 600 MPa, as shown in Figures 4-15(b) and (c). However, in air, 
at lower peak stresses, not greater than 600 MPa, which corresponds to the plateau 
region, a subsurface or close to surface crack initiation was observed. It can be seen from 
Figure 4-18(a), the crack-initiation sites at a lower peak stress of 586 MPa moved into the 
subsurface. The crack-initiation sites, which are presented in Figures 4-18(b) and (c), 
retained the cleavage-like feature. 
On the contrary, in vacuum, all the cracks initiated from the subsurface regardless of the 
maximum applied stress level. By tracing the radial marks on the fracture surface in 
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Figure 4-19(a), the crack initiation site was identified. The fracture surface of the 
specimen fatigued in vacuum kept the crystallographic appearance, and the initiation sites 
still exhibited the cleavage-like feature, as shown in Figures 4-19(b) and (c). 
Internal fatigue origins in some materials were attributed to the presence of inclusions. 1761 
It was reported that titanium alloys, e.g., Ti-6Al-4V,l76-781 and stainless steels, such as a 
typical martensitic stainless steel, 1771 changed their crack initiation site from the surface to 
subsurface in the specimen undergoing high-cycle fatigue subjected to either a low peak 
stress or long fatigue life. 
However, in ULTIMET alloy, no inclusions were observed to cause crack initiation. The 
careful investigations of the material by SEM showed that it was very clean. The change 
of the crack-initiation site from the surface to subsurface is associated with the complex 
effects of the applied maximum stress level, surface condition, and environment. For the 
specimens in the as-received condition, all surfaces were mechanically polished. As 
shown in Figure 4-20,161 the increase of the percentage of the cold-worked condition 
caused the increase of average hardness. In the mill-annealed condition, the Rockwell 
hardness is 30. After 10 % cold work, the Rockwell hardness increased to 40. The greater 
the amount of cold work, the higher the hardness of ULTIMET alloy. Therefore, the 
surface was harder than the interior of the specimen due to mechanical polishing, and the 
crack may initiate from the subsurface if there is no environmental effect. This is exactly 
true for the fatigue tests conducted in vacuum, i.e., all the cracks initiated from the 
subsurface. 
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For fatigue tests in air, at high applied maximum stresses, the massive slip bands 
formation on the surfaces provided fresh material to interact with oxygen and moisture in 
the environment so that the surface was more susceptible to damage, and surface-crack 
initiation was favored. At low applied stresses, the harmful effects of oxygen and 
moisture were reduced because fewer slip bands were formed, and internal crack 
initiation was favored. The change of the crack-initiation site from the surface to 
subsurface may also explain the occurrence of the plateau, since the crack initiated from 
the subsurface was less detrimentally affected by the environment than that initiated from 
the surf ace, which prolongs the fatigue life at a maximum stress level below the plateau. 
Furthermore, regardless of the environment conditions, there were plateau regions on the 
S-N curves, as shown in Figure 4-17. In air, the presence of the plateau region was also 
related to the FCC to HCP phase transformation and change of crack-initiation site from 
the surf ace to subsurface. In vacuum, the presence of the plateau region was related to the 
FCC to HCP phase transformation. 
72 
8. Conclusions 
ULTIMET alloy, a Co-Cr alloy, is essentially a single FCC ex phase alloy, with a lattice 
parameter of 0.352 nm. The microstructure of ULTIMET® alloy had relatively fine, 
uniform grains with numerous annealing twins. 
High-cycle fatigue data was developed for ULTIMET alloy. At room temperature, in air, 
with a R ratio of 0.05, there was a plateau region on the S-N curve for tests in air or 
vacuum. The maximum stress level in the plateau region was around the yield strength, 
586 MPa. In air, the presence of the plateau region was related to the FCC to HCP phase 
transformation and the change of the crack-initiation site from the surface to subsurface. 
In vacuum, the presence of the plateau region was related to the FCC to HCP phase 
transformation. 
Using a uniform design method, the effects of the R ratio, environment, and maximum 
stress level on fatigue life were systematically and successfully studied. It seems that 
there was no interaction among those three factors studied. A linear statistical model was 
presented to predict the effects of these factors. The vacuum environment was found to 
increase the fatigue life about 4 times over that in air. The R ratio also significantly 
affected the fatigue life. 
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The fratographic studies showed that, in a typical air environment, the crack initiated at 
the specimen surface when the maximum stress level was greater than 600 MPa. 
However, the crack initiated at the subsurface of the specimen when the maximum stress 
level was lower than 600 MPa. All of the crack initiation sites were located at the 
subsurface of the specimens subjected to high-cycle fatigue in vacuum. 
Generally, the fracture surface of the crack initiation site was cleavage-like, and the size 
of an initiation site was on the order of the grain size, 100 µm to 200 µm. The fracture 
surface of the crack propagation was crystallographic in nature. The sequence of the 
high-cycle fatigue damage mechanism was that the crack initiated at either the specimen 
surface or subsurface within one grain, depending on the applied peak stress and 
environment, resulting in cleavage fracture of the grain, and then the crack propagated 
and resulted in failure. 
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PARTS 
CHARACTERIZATION OF THE TEMPERATURE 
EVOLUTION DURING HIGH-CYCLE FATIGUE 
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1. Introduction 
Fatigue has long been recognized as one of the major causes for the rupture of materials 
and catastrophic damage in components or even entire systems. Various methods and 
theories have been developed to study and model the fatigue process. Fatigue 
mechanisms and life estimations have been investigated by (a) mechanical testing 
including stress or strain-controlled experiments, (b) microscopic characterization, such 
as using scanning electron microscopy (SEM), transmission electron microscopy (TEM), 
and recently, atomic force microscopy (AFM) and scanning tunneling microscopy 
(STM), and (c) nondestructive evaluation, e.g., by acoustic emission, ultrasonics, etc. A 
diversity of theories, ranging from constitutive models, micromechanics, and damage 
mechanics, to empirical solutions, have been developed to predict the fatigue life. 
However, many issues regarding fatigue mechanisms and phenomena remain unsolved. 
The difficulties of fatigue studies result from (a) many internal and external factors, such 
as material properties, loading conditions, geometry, etc., which affect the fatigue 
behavior, (b) these factors being not independent of each other, and (c) simplifications 
and assumptions made in order to understand the fatigue process. 133•411 
In the present work, a state-of-the-art infrared (IR) thermography system was integrated 
with a material test system and microstructural investigations by means of SEM, to study 
the high-cycle fatigue of ULTIMET superalloy. The IR thermography system employed a 
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high-resolution 256 x 256 pixels focal-plane-array (FP A) camera, an advanced 
technology developed in 1990s. It had a high-speed digital image acquisition capability 
of 150 full frames per second, high spatial resolution of 5.4 mm per pixel with 
microscope attachment, and great temperature sensitivity of 0.015 °Cat 23 °C. 
The fatigue process was characterized from a thermodynamic point of view based on an 
energy balance between the consumed mechanical energy and the dissipated heat energy. 
In this PART, the experimental results of the temperature variations of specimens during 
uniaxial high-cycle fatigue of ULTIMET superalloy are presented. 
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2. Background of Temperature Evolution 
Consider a solid stressed in the elastic range under adiabatic conditions. The state of the 
solid can be described by the stress (crij) or strain (Eij) with i, j = 1, 2, or 3, and 
temperature (T). The equation of the state has the form: 
(5-1) 
In the elastic-deformation range in which the Hooke's law applies, the stress or strain-
temperature relation can be derived from the laws of thermodynamicsP91 The well-
known thermoelastic effect can be described as 
ET 
llT = T-I;, = -K-- LllE;; or llT = T-T0 = -KT I,llu;; 
1-2V i=l,2,3 i=l,2,3 
(5-2) 
a 
where K is a material constant, K = -- a is the coefficient of linear thermal 
pCV' 
expansion, p is the mass density, Cv is the specific heat at a constant volume, /lT is the 
change of the absolute temperature, T is the absolute temperature of the current state, To 
is the absolute temperature of the previous state, Eii is the change of strain, /lcrii is the 
change of stress, and vis Poisson's ratio. 
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In Equation (5-2), the temperature variation is negatively proportional to a change in the 
stress or strain states of a homogenous elastic solid. In other words, the temperature 
decreases as the stress or strain increases in the elastic range, and vice versa. Based on the 
thermoelastic effect, a great deal of research has been done on the stress pattern analysis 
by the characteristic evolution of temperature under either adiabatic or non-adiabatic 
conditions. c61 •79•311 
Fatigue of materials, as a complicated process of gradual accumulation of damage, is 
mainly controlled by the amplitude of the plastic deformation.c411 It is well known that the 
stored energy is generally only a small portion of the energy dissipated during fatigue. c32• 
841 Even during the fatigue crack propagation process, the stored energy, which is the 
integration of the increase of internal energy over all the elements in the plastic zone, is 
very small, compared with the dissipation of mechanical energy, which can be measured 
from the stress-strain hysteresis loop.c83•841 Especially, at high cyclic stresses, plastic 
strain is the predominant cause of energy dissipation. 
In materials undergoing cyclic loading, most of the dissipated energy due to the 
hysteresis effects manifests itself as heat, and the heat is removed from the material by 
heat transfer. Heat can be transferred by three processes: conduction, convection, and 
radiation. Conduction is the transfer of heat along a solid object. Convection transfers 
heat through the exchange of hot and cold molecules, e.g., air, water, etc. Radiation is the 
transfer of heat via electromagnetic (usually infrared) radiation. Although these three 
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processes can occur simultaneously, it is not unusual for one mechanism to overshadow 
the other two. If the fatigue experiment is rapid enough, which is generally true for high-
cycle fatigue testing, the temperature rise can be surprisingly high. For fatigue tests at 
1,000 Hz, for example, the temperature may rise 200 to 400 °C, depending on test 
materials and specimen geometries. l85•861 
The temperature evolution, resulting from the heat generated during the fatigue process, 
has been utilized to monitor the fatigue crack propagation, l87•90J measure the energy 
required to produce a unit area of fatigue crack by propagation,r911 determine the 
endurance limit of some materials,r92•931 and characterize the evolution of cumulative 
damage in the fatigue process. [85•86•94•951 The temperature of a specimen changes during 
fatigue, because of the thermoelastic effect and the irreversible process of fatigue damage 
and plastic deformation.U0•111 However, the temperature evolution during fatigue has not 
been well examined. When a material is subjected to cyclic deformation, mechanically-
induced strain energy dissipation is strongly dependent on the magnitude and history of 
the cyclic stress, and on the coupling between mechanical and thermal effects. Most of 
the dissipated strain energy is converted into heat, manifested by the change in 
temperature. The temperature evolution is complicated, and the data are hard to interpret 
not only due to the interrelated effects of thermal and mechanical coupling, strain 
amplitudes, and loading histories, but also owing to multiple modes of heat transfer from 
the material to the environment. 
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Thermography is an advanced full-field temperature measurement method. With the great 
improvement in the modem technology, a high-speed, high-sensitivity IR thermoimaging 
system was utilized in studying temperature evolution caused by mechanical 
deformation. Using the snapshot and sequence modes of the IR camera, detailed 
temperature distributions of the specimen and temperature changes as a function of time 
(cycles) were obtained for the first time in the study of the high-cycle fatigue of 
ULTIMET superalloy. 
In the present research, an approach of integrating the advanced nondestructive and 
mechanical evaluation techniques was used to characterize the fatigue behavior of 
ULTIMET superalloy. Specifically, the IR imaging system was coupled with the material 
test system through a synchronizer to trigger the IR camera to record data at a certain 
stress level such that any phase lag of data recording was avoided. Moreover, the plastic 
deformation energy and fatigue damage were related to fatigue life predictions and 
provided a mechanistic understanding of the fatigue process. 
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3. Temperature Evolution 
Using the IR camera, a series of in-sequence snapshots were taken at a constant time 
interval. The IR radiant energy images produced were converted into a digitized-
temperature-mapping file, which included a temperature history profile of every pixel on 
the monitored surface. Due to the specimen geometry, the stress was concentrated at the 
specimen-gage section, and the heat generated in the material was mainly conducted 
through the axial direction of the specimen. Hence, the highest temperature was always 
located at the midpoint of the surface of the specimen-gage section. The image in Figure 
5-l(a) is the temperature map of the specimen including the shoulder and gage sections. 
The brightness of color indicates the temperature difference. The brighter the color, the 
higher the temperature, as represented by the calibrated color bar of Figure 5-l(a). It can 
be seen in Figure 5-l(a) that the highest temperature indeed was located around the 
midpoint of the specimen. 
In what follows, the midpoint temperature was taken as an average temperature over 10 x 
10 pixels domain around the midpoint of the specimen-gage section, as shown 
schematically by the box in Figure 5-l(a). The area of 10 x 10 pixels represented 1.49 
mm x 1.49 mm of real dimension, and it could vary depending upon the distance between 
the specimen and the IR camera. In the present study, the IR camera was kept at a 
relatively constant distance of about 20 cm from the specimen in order to monitor the 
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whole gage section of the specimen and the shoulder area connecting the grip and gage 
sections. A thermocouple attached on the back face of the specimen was used for 
temperature calibration and monitoring approximate temperature variations. 
Figure 5-l(b) shows the mean temperature, which was the average temperature of each 
cycle, versus fatigue cycles at the midpoint of the gage section during fatigue tests at two 
maximum stress levels, 703 and 762 MPa. The IR camera was run at a frequency of 1/8 
Hz, i.e., a full-frame image was taken every 8 seconds. For the mean temperature profile 
at a maximum applied stress level of 703 MPa in Figure 5-l(b), the mean temperature 
initially rose from room temperature, 26 °C, at the beginning, to 40.5 °Cat 9,000 cycles. 
The mean temperature stabilized at a steady state of around 40.5 °C from 9,000 cycles to 
80,000 cycles. Then, the mean temperature increased continuously until the specimen 
failed at a mean temperature of 50 °C. With a maximum applied stress level of 762 MPa, 
the mean temperature rose from 26 °C up to 50 °C at 8,400 cycles, then remained at 
about 47 °C to about 36,000 cycles. It then increased again until the specimen failed at a 
mean temperature of 63.5 °C. It was observed that the mean temperature evolution during 
high-cycle fatigue underwent four stages: an initial increase, a steady state, an abrupt 
increase, and a final drop_css.s61 The same trend was observed for ULTIMET superalloy. 
For the same experimental conditions, a higher maximum stress level caused a higher 
steady-state mean temperature during fatigue tests, as illustrated in Figure 5-l(b). 
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To investigate the detailed temperature evolution cycle-by-cycle at the initial stage of 
high-cycle fatigue, the IR camera was operated at 120 Hz, i.e., 120 full-frame images per 
second. With the aid of the high-speed mode, small variations of temperature at each 
pixel within each cycle could be revealed in detail during a 20 Hz fatigue test. Figure 5-
2(a) shows the temperature variation of the midpoint of the specimen during the first 
fatigue cycle of sinusoidal loading. The numbers 1 to 9 indicate the data points acquired 
by the IR camera at a constant time interval of 1/120 sec. The temperature initially 
decreased from points 1 to 3, and then, increased from points 3 to 7 during the first cycle. 
In the second cycle, the temperature decreased from points 7 to 9. Thereafter, the cyclic 
pattern of the temperature repeated throughout the fatigue test. 
The temperature distribution along the centerline of the longitudinal direction of the 
specimen was obtained through image manipulation. In Figure 5-2(b), the centerline of 
the specimen is noted. The distance across the shoulder and gage sections was about 34 
mm. The temperature oscillation along the centerline as a function of time and distance is 
presented in a three-dimensional graph, Figure 5-2(c). At both ends of the specimen-
shoulder sections, the temperatures were relatively stable and kept at approximately 23.4 
°C, which was close to the room temperature. However, the temperature varied greatly 
within the gage section, and followed the trend shown in Figure 5-2(a). This was because 
the stress and strain were mainly concentrated in the gage section. The temperature of the 
shoulder sections did not change very much because the stresses there were small and in 
the elastic region. 
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The temperature variations at the midpoint of the gage section, for the three maximum 
applied stress levels are shown in Figure 5-3 in the initial stage of fatigue measured at an 
IR camera speed of 120 Hz. At a maximum applied stress level of 645 MPa, the 
temperature oscillated within 0.5 °C during the fatigue test, and the overall trend of the 
mean temperature, which was defined as the average temperature of each cycle, increased 
slightly from 1,000 millisecond to 3,000 millisecond. At 703 MPa, the temperature 
exhibited the same oscillation phenomenon, but the mean temperature had a noticeable 
increase about 3.2 °C during the first 2,000 milliseconds. At 762 MPa, the mean 
temperature increased much higher to about 9.0 °C. Generally, the mean temperature 
increased with fatigue time, and it oscillated with a certain amplitude. The rate of the 
mean temperature increment and of the amplitude of the temperature oscillation were 
found to increase with the maximum applied stress. The mean temperature increased up 
to a constant level as the cycling continued, if the surrounding temperature did not 
change. 
The temperature evolution with different loading histories was also characterized at an IR 
camera speed of 1/8 Hz. Some of the fatigue tests were stopped at fatigue cycles of 
20,000, 40,000, 60,000, and testing resumed after the specimens were cooled down to 
room temperature (Figure 5-4). Upon resuming the tests, the mean temperature typically 
reached a steady state at about the same temperature level of about 40 °C. As shown in 
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Figure 5-4 that the shapes of curves did not change appreciably for different cyclic 
loading histories. 
The IR camera readily revealed the temperature variations within each cycle during a 20 
Hz fatigue test, as illustrated in Figures 5-2 and 5-3. Figure 5-5 shows the temperature 
evolution in the initial loading period for specimens tested for 0, 20,000, and 40,000 
cycles measured at a high IR camera speed of 120 Hz. The mean temperature initially 
increased very fast when a virgin specimen was fatigue tested, and then, it shifted to a 
constant rate of increase. When the fatigue test was interrupted at 20,000 and 40,000 
cycles, it was not restarted until the specimen temperature had dropped to the room 
temperature. During the resumed tests, the increments of the mean temperature stayed 
constant, as shown in Figure 5-5. The 20,000 and 40,000 cycle points corresponded to the 
steady-state portion of the mean temperature profile in Figure 5-l(b) with maximum 
stress level of 703 MPa. It is reasonable to infer from this data that the heat generation 
due to the fatigue process at a steady state was constant, and after a certain time, a 
balance was obtained between heat generation and dissipation by conduction, convection, 
and radiation. 
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4. Mechanical Responses 
Throughout the experiments, the temperature of the specimen was recorded by the IR 
thermography system, and the stress-strain responses were documented by the MTS 
system. Using the controlling program of the MTS machine, the load was increased to the 
mean load level and held for a short duration. Subsequently, the load was applied 
cyclically with a maximum stress of 703 MPa as shown in Figure 5-6(a). The 
corresponding evolution of strain and temperature within each fatigue cycle during initial 
loading are presented in Figures 5-6(b) and (c). In the very short initial loading period, 
the load was applied relatively fast, and the condition of the specimen could be 
considered to be adiabatic. Note that the temperature evolution in Figure 5-6(c) was 
measured at a high IR camera speed of 120 Hz. 
When the load was initially applied on the specimen, the strain was in the elastic range 
for which Hooke's law applied, and the stress or strain-temperature relation can be 
described by Equation (5-2), in which the temperature changes were negatively 
proportional to the stress or strain variations. At the initial stress-free stage, the 
temperature was 22.60 °C, but the temperature dropped to 22.265 °C when the stress 
increased from O MPa to the mean stress level, 386 MPa, owing to the thermoelastic 
effect, as shown in Figure 6-5. At the initial short holding time with the mean stress level 
of 368 MPa, Figure 5-6(a), the strain stayed constant at a value of 0.16% as presented in 
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Figure 5-6(b ), and the temperature remained at 22.265 °C without any obvious heat loss 
as indicated in Figure 5-6(c). 
As the stress and strain were continuously increased, the temperature decreased from 
22.265 °C to 22.015 °C. After the stress reached the yield strength level of 586 MPa, the 
temperature started to increase because of the heat dissipation due to the irreversible 
plastic deformation beyond yielding. During the unloading cycle, the strain decreased, 
and the temperature continued to increase. For subsequent cycles, the strain and 
temperature responses repeated, but the residual level of plastic strain grew, and the mean 
temperature continuously increased. As indicated by the dash-dot lines in Figure 5-6, it is 
very clear that the temperature reached its highest point in each cycle when the stress was 
at its minimum. However, when the temperature reached its cyclic minimum, the stress 
was not at its maximum. This was because plastic yielding occurred prior to reaching the 
maximum stress, which initiated the temperature rise [Figures 5-6(a) and (c)]. Thus, in 
the fatigue process, the thermoelastic effect caused the temperature to oscillate, and the 
irreversible inelastic deformation caused the mean temperature to increase. The 
temperature was found to oscillate within a range of approximately 0.4 °C (Figure 5-6), 
which was easily detected by the high-speed, high-resolution IR camera. 
The stress-strain curves of a specimen during initial cycles of fatigue of a specimen are 
presented in Figure 5-7. Plastic deformation resulted because the maximum applied stress 
level was set at 703 MPa, 120 % of yield strength of ULTIMET superalloy. It can be seen 
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that the hysteresis loop was "walking", which is generally known as "cyclically creeping" 
or "ratcheting", in the direction of increasing tensile strains. It can also be noticed that, in 
Figure 5-7(a), the hysteresis loop was not a closed loop at the beginning of the high-cycle 
fatigue process. This is because the amount of plasticity in tension was not opposed by an 
equal amount of the plastic flow in compression. Hence, the cyclic ratcheting resulted, as 
illustrated in Figures 5-7(a). At the beginning of the cyclic loading, the area under the 
hysteresis loop was relatively large. The rate of ratcheting generally decreased as fatigue 
loading continued. As shown in Figure 5-7(b), the differences between hysteresis loops at 
the 252nd and 253rd fatigue cycles were not distinguishable. There was still a large 
amount of plastic strain buildup which can be seen by comparing the relative positions of 
the hysteresis loops at the 252nd (or 253rd) and 370th cycles. The accumulation of the 
irreversible plastic strain continued until the mean strain reached a certain value 
depending upon the maximum stress level. Generally, within the stress range of 600 MPa 
to 764 MPa examined, the mean tensile strain eventually stabilized at a constant value 
after approximately 8,000 cycles, and the hysteresis loop remained constant. The 
stabilized mean strain and the area of the hysteresis loop increased as the maximum stress 
level was increased. 
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5. Energy Consideration 
Above a certain cyclic stress sensitivity limit, the damping energy increased rapidly with 
stress because the cyclic plastic strain began to be an important cause of energy 
dissipation. At high cyclic stresses, the plastic strain was the predominant source of 
energy dissipation. The rate of the mean temperature increment, defined as the rate of the 
mean temperature increase during the first 500 milliseconds, was related to the applied 
maximum stress level. As shown in Figure 5-8, when the applied maximum stress level 
was greater than the yield strength, the rate of temperature increased sharply. 
In the tension-tension, high-cycle fatigue test, the temperature evolution corresponded to 
the change of the stress-strain state. The temperature responded sensitively to the 
variation of the mechanical state. It has been experimentally found that the stored energy 
is only a small amount of dissipated energy,< 1 %.c821 Hence, almost all the irreversible 
mechanical energy due to the inelastic deformation will be converted into heat. The 
mechanical energy dissipated in each cycle can be represented by the area of the 
hysteresis loop, as shown in Figure 5-8. It is very clear that during the initial cycles, the 
area of the hysteresis loop was much greater than that of much later cycles. As the fatigue 
process continued, the accumulation of the plastic strain in each cycle decreased due to 
strain hardening. 
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The increment of the mean temperature was proportional to the area of hysteresis loop. 
From the first law of thermodynamics, conservation of energy, assuming the specimen 
was stressed in an adiabatic condition, and ignoring the energy stored inside the material, 
(5-3) 
where E1 and E2 are the minimum and maximum strains of the hysteresis loop, and Ou and 
CJ1 refer to the local stresses in the upper and lower curves of the hysteresis loop, 
respectively. For ULTIMET alloy, pis 8,470kg/m3, and Cv is approximately equal to the 
specific heat at a constant pressure, 456 J/kgK. C4l Using the digitized stress-strain data, as 
shown in Figure 5-8, the calculated maximum temperature for each cycle is shown in 
Figure 5-9. It can be seen that for the initial cycles, the predicted temperature matched the 
experimental data quite well, and then it deviated. The reason why this occurred was that 
during the initial cycling, the condition of the specimen was essentially adiabatic because 
of the fast loading condition. After that, heat-transfer effects became important. 
Therefore, the predicted maximum temperature at greater fatigue cycles (longer time) 
was higher because heat conduction had not been considered in the calculation. 
As stated in Equation (5-3), the increment of the mean temperature per cycle is 
proportional to the area of the hysteresis loop. In Figures 5-7 and 5-9, initially the 
temperature increment was relatively high due to the large plastic deformation. As shown 
in Figure 5-9, however, the rate of the increment of the mean temperature per cycle 
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decreased as the fatigue process progressed due to the decreasing plastic deformation 
(Figure 5-7). 
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6. Fatigue Behavior 
Some electropolished specimens were used to characterize fatigue crack initiation. Figure 
5-10 shows the surface morphologies of the gage section of a polished round-bar 
specimen tested under cyclic loading. Before fatigue testing, the surface of the 
electropolished specimen was clean and smooth, as exhibited in Figure 5-lO(a). The 
specimen was removed periodically from testing for a careful examination using SEM. 
After 600 cycles, there were discernible slip bands formed on the specimen surface, as 
illustrated in Figure 5- lO(b ). After 2,000 cycles, a considerable amount of slip bands 
formed, as presented in Figure 5-lO(c), and some of them may have developed into 
persistent slip bands. 
The fracture surfaces of the failed specimens were also examined using SEM. As shown 
in Figure 5-ll(a), the topography of the fatigue fracture surface was uneven and 
possessed crystallographic features. Multiple crack initiation sites were observed for most 
of the samples. The sizes of the crack initiation sites were on the order of one grain 
diameter, ranging from 100 to 250 µm. The fatigue crack initiation site shown in Figure 
5-1 l(a), indicated by an arrow, exhibited a cleavage-like fracture surface typical of stage 
I crack initiation. As illustrated in Figure 5-11, the size of the crack initiation site was 
about 200 µ,m. The crack initiation sites had the same appearance for all of the 
specimens, but there were fewer crack initiation sites at lower stress levels. Persistent slip 
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bands are also evident on the electropolished surface shown in Figure 5-ll(b). The high-
cycle fatigue behavior of ULTIMET superalloy can be characterized as (a) stage I 
cracking, which was governed by the local shear stresses and the movement of 
dislocations, and (b) stage II cracking, which was governed by the maximum principal 
tensile stress. 
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7. Mechanistic Understanding 
The thermal and mechanical responses of UL TIMET superalloy are summarized in 
Figure 5-12, which includes both the mean temperature and displacement evolution of the 
material during high-cycle fatigue under load control. The maximum and minimum 
displacements followed the same trend as the mean temperature. Initially, the 
displacement increased due to the uniformly distributed plastic deformation of the 
specimen gage section. It is known that slip lines generally multiply and grow into 
persistent slip bands (PSB). PSBs carry essentially all of the plastic strain in the low-
amplitude fatigue tests. 192•961 In the initial stage, the increase in temperature can be 
associated with the plastic deformation. In the second stage, the maximum and minimum 
displacement remained essentially constant. With the formation of persistent slip bands, 
which were distributed regularly over the gage section, the stress and strain responses 
were stabilized as illustrated by the closed hysteresis loop in Figure 5-7(b). The stabilized 
stress-strain curve resulted in a steady-state mean temperature. 
Once a crack formed, the steady state of the stress-strain responses collapsed, and the 
third stage emerged. In the third stage, the displacement increased again. A macrocrack 
was formed, and its propagation was governed by the well-known Paris's Law. 
Accordingly, the steady state of the mean temperature is disrupted by the large plastic 
deformation at the crack tip, and the mean temperature exhibits another rise. The fatigue 
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crack propagation will eventually lead to the failure or separation of the specimen, which 
resulted in a drop of the mean temperature in the fourth stage. 
In summary, the temperature evolution during high-cycle fatigue was related to the 
stress-strain state and fatigue damage. The mean temperature profile of a high-cycle 
fatigue test typically exhibits four stages: (I) the initial raise due to the heat generation 
resulting from irreversible deformation of the material; (II) the steady state resulting from 
a balance between heat generation and heat conduction inside the material; (ill) the 
abrupt increase (the breakdown of the steady state) owing to the large plastic deformation 
caused by stress concentration at the crack tip; and (IV) the final drop, caused by the 
separation of the test specimen. 
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8. Applications of Thermography 
Fatigue Life Prediction 
In the present study, except for the initial several thousands cycles, the hysteresis loop 
retained a constant shape and amplitude for each fatigue test. In other words, the energy 
dissipated per cycle was nearly constant throughout the fatigue test. It has been shown 
that the fatigue life in terms of the dissipated energy per cycle is, C97l 
(5-4) 
where Nr is the number of cycles of fatigue life, b, c, crr', and Er' are material constants, 
and fl. W is the dissipated energy density per cycle. 
Since the increment of the mean temperature of the fatigue specimen was mainly due to 
the energy dissipation of the irreversible deformation, the dissipated energy can be 
equated to a constant heat source uniformly distributed in the gage section of the 
specimen. Because the elastic stress did not contribute to the increment of the mean 
temperature, the elastic stress field in the specimen was neglected. Based on the above 
rationalization, the energy balance law, for one-dimensional case, can be converted into 
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pC aT(x,t) = k a2T(x,t) + Q 
V a, ax2 (5-5) 
where Q is the constant heat generation rate, which is equivalent to the integration of the 
dissipated energy density, 8.W, over the gage section times the testing frequency, f. The 
heat generation was mainly due to the inelastic deformation, and the midpoint of the gage 
section is regarded as the axis origin, 0. The distance from the axis origin is x, and t is the 
time of fatigue testing. For simplicity, initially, the specimen was assumed to be 
maintained at room temperature, and during fatigue testing, at both ends of the specimen 
in the longitudinal direction, the temperatures were kept at room temperature. Solving the 
heat-conduction Equation (5-5) after the steady state is reached, t > ts (ts is the time at 
which the mean temperature reaches a steady state), for the midpoint of the specimen, x = 
0, the temperature difference, 8. T, between the steady-state mean temperature, Ts, and the 
mean temperature of the initial stress-free stage, T 0, can be represented as 
(5-6) 
where Lg is the effective specimen gage length, and k is the coefficient of heat 
conduction. 
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From Equation (5-6), it can be seen that when the gage length or testing frequency is 
increased, the steady-state mean temperature will increase. For the high-frequency testing 
(e.g., 1,000 Hz), the temperature change produced in the material was very high.1861 
Combining Equations (5-4) and (5-6), 
(5-7) 
where m, B, and Care material constants. As shown in Figure 5-13, both the increases in 
the mean temperature, T5-T0, and dissipated energy density exhibited a linear relationship 
with fatigue life on a logarithmic scale, as predicted by Equation (5-7). The best-fit 
equations for the relationship between the increases in the mean temperature (or 
dissipated energy density) and the fatigue life were: 
fl.T = Ts -T0 = 2569.2(N 1 )-0·437 (5-8) 
fl. W = 179263( N 1 )-0·611 (5-9) 
From Equation (5-8), it can be seen that the higher the steady-state mean temperature 
produced, the shorter the fatigue life. Similarly, the higher the dissipated energy density 
per cycle produced, the shorter the fatigue life [Equation (5-9)]. 
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Depending on the material properties, the specimen geometry, and loading conditions, the 
steady-state mean temperature could be a significant factor affecting the fatigue 
behavior.1861 More importantly, the steady-state mean temperature during fatigue can be 
used to predict the fatigue life, as shown in Equation (5-8) and Figure 5-13. In addition, 
the temperature and fatigue-life prediction will be treated further in detail in the PART 
10. 
Crack Length Measurement 
In this study, digital image processing was used to analyze IR images. This technique 
showed the temperature change between cycles by subtracting an earlier IR image from a 
later one. In Figure 5-14, the temperature is represented by color, and the different color 
and brightness represent various temperatures. After the subtraction of the IR image at 
cycle 95,520, Figure 5-14(a), from that at cycle 95,640, Figure 5-14(b), the resultant 
image is shown in Figure 5-14(c). From Figure 5-14(c), a large crack on the specimen 
surface can be clearly seen. It can also be observed that the high-temperature region was 
located at the crack tip due to the large plastic deformation resulting from the stress 
concentration. After the test, an examination of the fracture surface indicated that this 
crack was the one that caused the final failure of the specimen. 
Once the location of the final crack has been identified, the length of the crack can be 
measured through the profiles of temperature evolution shown in Figure 5-15(b) by 
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digitizing the temperature profile along the crack, as indicated by the dashed line in 
Figure 5-lS(a). The temperatures in the area of the crack dropped due to the loss of a 
heat-generating source. However, in the area of the crack tip, the temperature increased 
due to the large plastic deformation. Although the IR camera had a relatively high spatial 
resolution, 6 µm per pixel, there is a trade-off in terms of the field of view. Due to the 
randomness of the crack initiation site in the specimen, the IR camera was set to monitor 
the whole gage section, and the resulting spatial resolution was 150 µm per pixel. This 
gave it the capability of monitoring a crack length greater than 300 µm. 
The IR intensity is proportional to the temperature. Hence by measuring the concave 
length in the temperature profiles in Figure 5-lS(b), the surface crack length could be 
determined. At the cycle of 48,000, the temperature profile was relatively smooth. At 
73,920 cycle, the concave shape in the curve of the temperature profile started to become 
clear, and the measured surface crack length was 300 µm. During subsequent cycles, the 
size of the concave shape grew until the specimen failed. The crack started to grow 
macroscopically after about 73,920 cycles, and the mean temperature started to break 
down the steady state and rise until failure. The crack lengths determined by above 
method versus the number of fatigue cycles are presented in Figure 5-lS(c). Thus, 
thermography can be used to monitor the crack-propagation behavior during fatigue. 
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9. Conclusions 
The high-cycle fatigue process of ULTIMET superalloy can be generally divided into 
four stages. Initially, the extension of the specimen due to the uniformly distributed 
plastic deformation corresponded to a sharp rise in the mean temperature. The stabilized 
state of stress-strain responses, resulting from the localized plastic deformation in 
persistent slip bands, could be associated with the steady-state mean temperature. The 
shakedown of the stabilized stress-strain state owing to crack propagation produced an 
abrupt rise in the mean temperature. Finally, the failure of the specimen resulted in the 
final drop of the mean temperature. 
The advantages of the high-speed and high-sensitivity IR thermography technique are its 
non-contact, full-field, and nondestructive abilities to investigate high-cycle fatigue. The 
temperature oscillation that occurred during each fatigue cycle at 20 Hz due to the 
thermal-elastic-plastic effect was readily observed. The temperature evolution was 
strongly related to the strain-stress responses. The cumulative fatigue damage process 
was revealed by the temperature evolution during high-cycle fatigue. 
The change of temperature during fatigue was related to the dissipated energy density 
given by the hysteresis loop. If the boundary conditions are known, the variation of the 
mean temperature from cycle to cycle can be determined from the dissipated energy 
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density, and vice versa. The stress versus fatigue life curve can be determined by 
measuring the increase in the mean temperature of the steady state from that of the initial 
stress-free state. The temperature evolution during high-cycle fatigue is related to the 
testing frequency, specimen geometry, and loading conditions, etc. 
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PART6 
A CONSTITUTIVE MODEL FOR THE PREDICTION 
OF TEMPERATURE AND STRESS-STRAIN 
RESPONSES DURING HIGH-CYCLE FATIGUE 
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1. Introduction 
It is well known that a material changes its temperature because of the mechanical 
deformation. The thermoelastic effect has been well documented, and it has been utilized 
to characterize the elastic stress. Different means, such as thermocouples, thermistors, 
and thermography techniques, have been employed to monitor the temperature changes 
during mechanical tests. [85.881 The thermoelastic stress analysis by thermography is now 
an advanced full-field stress measurement method. 
In materials undergoing cyclic loading, the mechanical energy is dissipated due to 
hysteresis effects. Most of the energy manifests itself as heat. The generated heat is 
mainly removed from the material by conductive, convective, and radiative heat transfer. 
It has been of interest in the past to study the relationship between heat generation and 
fatigue behavior. The heat generation phenomenon has been used to monitor the fatigue 
crack propagation behavior, [88•891 determine the endurance limit of some materials, !90·921 
and characterize the evolution of cumulative damage in the fatigue process.!85-86•93·951 
With great improvements available in the current technology, the temperature-
measurement techniques enter a new era with the implementation of a high-speed, high-
sensitivity infrared (IR) imaging system. Recently, thermography has been utilized to 
study temperature evolution caused by mechanical deformation. [85-861 
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In recent years, there has been a substantial development of so-called "Unified Theories", 
in which the irreversible process, such as inelastic behavior and damage, are represented 
by a set of internal variables_l51J By introducing internal state variables for the derivation 
of inelastic changes of materials, a thermodynamics-based framework may be developed 
for the derivation of thermal-mechanical coupling effects. Most of the work has been 
done in the context of infinitesimal deformation, in which the constitutive state law may 
be written with the Helmholtz free energy or be equally represented by other 
thermodynamic potentials, such as the Gibbs free energy through the Legendre-Fenchel 
transformation. Kratochvil and Dillonc61 -631 have presented an analytical framework for 
the study of crystalline elastic-plastic materials and elastic-visco-plastic materials in the 
thermal and mechanical fields. Krempl, et al. [56-591 proposed a rate-dependent isotropic 
theory, and the mechanical constitutive equation and the heat conduction equation were 
developed. Moreover, Allen et al.c64-651 formulated a thermodynamic model to predict the 
thermomechanical responses in a thermoviscoplastic uniaxial bar using internal state 
variables. Hartl55l proposed internal state variables based on the consideration of 
micromechanisms of material deformation, e.g., grain boundary sliding. Although the 
intended viscoplasticity theories differed in the choice of hardening variables, those 
models were represented in a unified way by the internal state variables and may be 
implemented into the thermodynamics-based framework for the derivation of thermal and 
mechanical responses of materials. 
Information on deformation-induced temperature changes is not abundant due to the 
difficulties in the characterization of material properties and the lack of advanced 
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experimental techniques. In the present study, a state-of-the-art IR thermography system 
was employed to monitor temperature changes of ULTIMET alloy during high-cycle 
fatigue testing. Using the snapshot and sequence modes of the IR camera, detailed 
temperature distributions of the specimen and temperature changes as a function of time 
(cycles) were obtained. In this PART, a one-dimensional form of the thermal-mechanical 
coupling model for a uniaxial high-cycle fatigue bar is formulated. This model is based 
on the thermodynamics with internal-state variables originally reported by Coleman and 
Gurtin. l93l The predictions of temperature changes during fatigue were found to be in 
good agreement with the experimental results. 
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2. Physical Background 
The thermal and mechanical coupling exists in metals during fatigue. Depending on the 
stress level, at a test frequency of 20 Hz, the temperature during fatigue can increase, for 
ULTIMET alloy, from 22 °C (room temperature) up to about 40 to 50 °C in the steady-
state region, to as high as 50 to 60 °C at the abrupt-temperature-increase stage.185-861 
Moreover, the temperature can even reach as high as 200 to 400 °C at a test frequency of 
1,000 Hz. 1861 The conversion of the mechanical energy into heat is believed to be 
significant, and may have considerable effects on the fatigue behavior. To predict the 
thermal and mechanical responses during high-cycle fatigue, the framework of a model is 
constructed based on the thermodynamics of materials with internal state variables. 
In the plastic deformation range, the stress and strain relation is nonlinear. The strain 
cannot be completely recovered. For constitutive modeling, the present state of a material 
depends upon either (a) the present values and the past history of the observable state 
variables only, leading to hereditary theories, or (b) the present values of both observable 
state variables and a set of internal state variables, which are not directly observable. 
Based on these two assumptions, the functional theory and internal state variable theory 
have been developed. In the current literature, internal state variables are very attractive 
for modeling the nonlinear behavior of crystalline solids. 
108 
Under the assumption that the state of the solid depends on the current state of both the 
observable variables, including the stress (crjk) or strain (Ejk) with j, k = 1, 2, or 3, and 
temperature (T), and a set of internal state variables, a~k , where i varying from 1 to any 
number, n, whichever is sufficient to characterize the state of inelastic deformation of a 
solid, the state of the solid may be described as 
(6-1) 
where e! is the elastic strain, and V( ) is the gradient with respect to space keeping time 
fixed. The stress, CJmn, with m, n = 1, 2, or 3, and strain formulation may be represented as 
(6-2) 
where Cmnjk is the elastic constant. 
To describe the heat-generation phenomenon of an elastic-plastic material during high-
cycle fatigue, some assumptions are made in order to obtain a straightforward solution. 
The present model is restricted to the consideration of an isotropic material. Only thermal 
and mechanical properties of materials are considered for the theory of plasticity, and 
magnetic, electric, and other factors are neglected. Most of all, the irreversible 
deformation behavior is described by a set of internal state variables, which can 
characterize the state of the elastic-plastic deformation of a solid. All the mechanical, 
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thermodynamic, and internal state variables are referred to a rectangular Cartesian system 
with the axes, Xj, where j takes on the values of 1, 2, and 3. As usual, the time is 
designated as t. Thus, all the state variables described herein are functions of Xj and t. 
The discussion is limited to the case of infinitesimal deformation, and the initial state is 
assumed to be stress-free. The present state of the material is characterized by the 
independent observable state variables, including a total strain, E, absolute temperature, 
T, temperature gradient, VT, and internal state variables, a.k, where k is the number of 
internal variables ranging from 1 to n. The total strain is assumed to be composed of the 
elastic strain, EE, and the inelastic strain, E1, which can be represented by internal state 
variables, as described later. 
(6-3) 
The state of the material must satisfy the first law of thermodynamics, i.e., the 
conservation of energy. The thermodynamic first law may be described as 
pU-ae+Vq=pr (6-4) 
where t) = .!!:.._( ) , pis the mass density, U is the internal energy per unit mass, a is the 
dt 
stress, q is the heat flux, and r is the heat supply per unit mass. In the left-hand side of 
Equation (6-4), the first term is the change of internal energy, the second term is the input 
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of mechanical energy, and the third term is the heat conduction. The right-hand side of 
Equation (6-4) is the heat supply by internal sources. 
The volumetric Helmholtz free energy, H, is selected as the thermodynamic potential 
throughout, as 
H =U-TS (6-5) 
where S is the entropy per unit mass. 
For a thermodynamic process, e.g., fatigue, the second principle of thermodynamics 
asserts an increment of entropy, L\S > 0. In a variational form, the Clausius-Duhem 
inequality states that the rate of production of entropy per unit mass, y, is not negative, 
(6-6) 
By substituting Equations (6-3) and (6-4) in Equation (6-6), the Clausius-Duhem 
inequality becomes 





It is assumed that the total strain, absolute temperature, temperature gradient, and internal 
state variables are sufficient to describe the uniaxial state of the material at all times. 
Thus, the material at a position, (Xj, t), the response functions of entropy, S, enthalpy, 
iJ , stress, a-, heat conduction, q , and internal state variables, a; , depend on the 
intermediate variables, E, T, VT, and Clj. Using Truesdell's principle of equipresence,c981 
the following constitutive functions are assumed: 
H = H(e,T,VT,a;) (6-8) 
S = S(e,T,VT,a;) (6-9) 
a= O"(E,T,VT,a;) (6-10) 
q = q(E,T,VT,a;) (6-11) 
a; =a;(E,T,VT,a;) (6-12) 
Following the approach of Coleman and Gurtin,c981 a thermodynamic process is called 
admissible if it is compatible with the constitutive Equations (6-8) to (6-12) and the 












Note that Equation (6-16) is the evolution of the general dissipation inequality from the 
Clausius-Duhem inequality. ij and a; are still functions of the temperature gradient as 
well as E, T, and a., but S, fl, and u are independent of the temperature gradient. 
Moreover, for one-dimensional heat conduction, the heat flux can be described by 
Fourier's equation 
q=-kVT (6-17) 
where k is the thermal conductivity, and is assumed to be a constant. 
Therefore, to complete the description of the field problem, the combination of Equations 
(6-4), (6-5), (6-13), (6-14), (6-15), and (6-17) results in the coupled heat-transfer 
equation: 
(6-18) 
where the summation on the range of i is implied. It is noticed that all the above 
equations and discussions can be equivalently transformed in terms of the Gibbs free 
energy. The proper choices of internal state variables and formulation of the Helmholtz 
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free energy based on the experimental justifications are crucial for the derivation of the 
thermal and mechanical coupling equation. 
The present model, herein, is restricted to the consideration of an isotropic, long, and 
slender bar, which is subjected to a homogeneously applied deformation field, such that 
the resulting stress field is everywhere uniaxial in one dimension. All the mechanical, 
thermodynamic, and internal state variables are referred to a one-dimensional system 
with the axis, x. Thus, all the state variables described herein are functions of x and t. In 
the condition of convection and radiation around longitudinal boundaries and a one-
dimensional heat flux in the longitudinal direction, Equation (6-18) may be derived as 
dH . d2 H . d 2 H . d2 H · d2T p 
p-a. -pT--a. -pT--e-pT-T-k-+h-(T-T) 
da; 1 da;dT I dedT dT 2 dx 2 A r 
+l!...GFs(T4 -T, 4 ) = pr 
A 
(6-19) 
where h is the heat transfer coefficient, pis the circumference of the cylindrical bar, A is 
the cross-sectional area of the cylindrical bar, Tr is the temperature of environment, G is 
the geometric factor between the specimen and surroundings, F (<1) is the factor termed 
the emissivity, and s is the Stefan-Boltzmann constant. In the left-hand side of Equation 
(6-19), the first three terms are related to the change of mechanical state, the fourth term 
is the accumulation of temperature, the fifth term is the heat conduction, the sixth term is 
the heat convection, and the seventh term is the heat radiation. The right-hand side of 
Equation (6-19) is the heat supply by internal source. In the following, it will be shown 
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that the above equations provide a suitable framework for describing the thermal and 
mechanical responses of a material subjected to cyclic fatigue. 
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3. Characteristic Constitutive Equations for Cyclic Fatigue 
High-Cycle Fatigue ofULTIMET Alloy 
It is generally accepted that the fatigue crack initiates along the persistent slip bands on 
the smooth surface of ductile solids without any stress raisers.c331 For ULTIMET alloy, 
with a single phase and a face-centered-cubic (FCC) structure, the persistent slip bands 
on the smooth surface led to the stage I crack initiation and propagation. [99-1051 The sizes 
of the crack initiation sites were of the order of the grain size, ranging from 100 to 250 
µm.U 04-1061 The localized persistent slip bands had the similar characteristic of transient 
viscous material.[1°71 Under cyclic loading, the repetitive quasi-viscous stress relaxation 
along a newly formed slip band resulted in the development of localized high 
temperatures. C93l 
In the present work, the material is considered as a solid containing periodically 
distributed slip bands. The distribution of the slip bands is such that the material is 
composed of a collection of grains that are repeated in all directions. Hence, the response 
of a grain is representative of the response of the material. 
For a representative grain on the specimen surface, the development of persistent slip 
bands is shown schematically in Figure 6-1. It is assumed that the material at the virgin 
state is a perfect solid and stress-free, as shown in Figure 6-l(a). When the material is 
116 
subjected to a uniform applied force, specifically, if the stress level is greater than the 
yield stress, the slip bands form in the most favored slip direction, as illustrated Figure 6-
1 (b ). As the repetitive cyclic force continues, some of the slip bands develop into 
persistent slip bands, as shown in Figures 6-l(c) and 6-l(d). 
Once the persistent slip bands form, they behave as if the material therein has an 
amorphous structure with corresponding viscous mechanical properties.11071 For 
ULTIMET alloy, the behavior of a persistent slip band in a representative grain is 
assumed to be that shown in Figure 6-2. The representative grain with a persistent slip 
band in a completely relaxed state is illustrated in Figure 6-2(a). When an external force 
is suddenly applied, there is a relaxation zone around the persistent slip band, which 
forms and starts to relax the applied shear stress, as shown in Figure 6-2(b). As the force 
is relieved from the maximum level, the stress in the relaxation zone does not relax as 
quickly as the surrounding material, as illustrated in Figure 6-2(c). However, with the 
growth of the persistent slip band, the transient anelastic effect in the relaxation zone can 
eventually be recovered, Figure 6-2 (d). 
Typical stress-strain curves during high-cycle fatigue of ULTIMET superalloy are 
presented in Figure 5-7. In this case, a positive mean stress was applied with an R ratio of 
0.05 (R = crmin/Omax, where CJmin and Omax are the applied minimum and maximum 
stresses, respectively) in a tension-tension, high-cycle fatigue test. Since the applied 
maximum stress level, 703 MPa, is greater than the yield strength of ULTIMET 
superalloy, 586 MPa, the material was undergone plastic deformation. Because of the 
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plastic deformation and positive mean stress, the hysteresis loop was "walking", 
generally known as "cyclically creeping" or "ratcheting", in the direction of the 
increasing tensile strain, as presented in Figure 5-7(a). However, the rate of ratcheting 
generally decreased as the fatigue loading continued. As presented in Figure 5-7(b), the 
differences between hysteresis loops at the adjacent 252nd and 253rd fatigue cycles were 
not distinguishable. The accumulation of the irreversible plastic strain continued until the 
mean strain reached a certain value depending upon the maximum applied stress level. 
After a certain number of cycles, e.g., about 8,000 cycles at the applied maximum stress 
level of 762 MPa, the mean tensile strain finally stabilized at a constant value, and the 
hysteresis loop remained constant. 
Based on the previous experimental characterization, the high-cycle fatigue process of 
ULTIMET alloy may induce thermodynamically and geometrically irreversible plastic 
strains and thermodynamically irreversible but geometrically reversible anelastic strains, 
as well as reversible elastic strains. As exhibited in Figure 5-7(a), the walking distance 
between any two consecutive cycles is the thermodynamically and geometrically 
irreversible plastic strain, since the amount of plasticity due to the tensile stress was not 
opposed by an equal amount of plastic flow in the compression direction. As fatigue 
progressed, due to strain hardening, the stress-strain responses would be expected to 
become elastic. However, due to fatigue damage, the stress-strain responses showed a 
linear viscoelastic behavior. As presented in Figure 5-7(b), during the loading and 
unloading process, the stress and strain could return to their initial stages, and the 
hysteresis loop was a closed loop at a later stage of cyclic loading. The anelastic behavior 
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shown in Figure 5-7(b) is geometrically reversible, but thermodynamically irreversible 
due to the energy loss of the hysteresis loop. 
Constitutive Model 
Based on the assumption that the total strain may at any time be uncoupled into the 
elastic and inelastic strains, the development of constitutive equations strives to describe 
the inelastic strain evolution by a set of internal state variables. The internal state variable 
growth laws may be characterized by dislocation motion and arrangement, [631 
micromechanics[55l, assumed hardening laws, [5B·59,64·651 and some other assumed 
formulation for the plastic flow. Moreover, there are many other types of constitutive 
laws, which serve to enhance the understanding of the mechanisms that control inelastic 
deformation. 
The present model, as shown in Figure 6-3, represents stress (a)-strain (E) responses 
during high-cycle fatigue of ULTIMET superalloy, and it is assumed that there is no 
strain in the stress-free virgin state. The spring represents the Hookian element of the 
elastic strain with elastic modulus, Ea; the dotted line represents the plastic strain by an 
internal state variable, a.1; and the dashpot denotes the anelastic strain with a viscosity 
coefficient, 'Jl. The plastic element is set as a series addition to the elastic element. The 
anelastic element accounting for fatigue damage is assumed as a parallel addition to the 
elastic strain, and to be understood as a classical linear Kelvin-Voigt model. The 




ULTIMET superalloy, because of the FCC crystal structure and the random orientation of 
grains, is considered as isotropic. Bonder and Partom1108-1091 postulated a model based on 
two internal state variables, which were referred to hardness variables. One was related to 
the isotropic hardening, the other was the variable accounting for the directional character 
of resistance to the plastic flow following deformation. The Bonder and Partom model 
was employed to characterize the constitutive response of various materials, e.g., nickel-
based alloys,11 10-1131 aluminum alloys,11 121 solder materials,11 141 and some other modeling 
materials.U08-1091 The internal state variable, a.1, can be represented by the kinetic 
equation11os-114J 
(6-22) 
where Do and n are experimentally obtained material constants, and Z is a measure of the 
strain hardening, which is a function of the plastic work. Z is composed of isotropic and 
kinematic hardening, 
Z=Z 1 +Z 0 (6-23) 
120 
where Z1 is the isotropic variable and z0 is the directional hardening variable. The 
evolution equations for the isotropic and the directional hardening variables without 
thermal recovery are described by Equations (6-24) and (6-25), respectively, 
(6-24) 
(6-25) 
where m1, m2, Z1, Z2, Zo are material constants. m1, m2 Z1, and Z2 are strain-rate and 
temperature independent for material modeling purpose. Zo is strain-rate independent, but 
temperature dependent. In addition, the plastic work, W p, is determined by 
(6-26) 
With the proper description of the Helmholtz free energy function, the subsequent 
development of constitutive equations of the present model, Equations (6-20) to (6-22), 
and the evolution of Equation (6-19), a governing coupled thermal-mechanical equation 
will result as will be discussed later. The application of the model will be restricted to a 
one-dimensional problem of tension-tension fatigue loading. 
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Additional Constitutive Assumptions 
Firstly, the elastic strain can be described as 
(6-27) 
where a is the coefficient of thermal expansion in the x direction; AT is the temperature 
difference between the current temperature, T, and the initial temperature, To, at the 
strain-free state, AT = T -T0 • Herein, the inelastic strain is composed of the plastic strain, 
and thermal expansion, i.e., e, = a 1 + a"AT. 
Following Allen's postulation, 1651 the Helmholtz free energy is expanded in the form of 
Taylor's series in terms of the elastic strain and temperature as 
H = H + Ee E 2 - Cv AT2 
0 2p E 2T 
(6-28) 
where Ho is the free energy in the initial state, a constant, and Ee is the effective elastic 
modulus, which takes into account of the viscous response due to fatigue damage. The 
specific heat at a constant volume, Cv, is 
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C =-T·iJ2H 
V ar2 (6-29) 
Note that in Equation (6-28), although the first-order terms have been neglected, the 
coupling among the total strain, inelastic strain, and temperature is retained. [651 Note also 
that the energy dissipation due to microstructural changes has been neglected in the free-
energy equation (6-28), because this mechanism was shown to contribute only a small 
portion of energy to the dissipation process. [65•841 Further, the fracture energy loss 
resulting from the microvoid growth and transgranular macrofracture is neglected. 
Substitution of Equations (6-27) and (6-28) into the energy balance equation (6-19) 
results in the coupled heat-transfer formula: 
[(Eee-Eeal + E)ilo)a1]-[E)fft + pl\T]+ k az~ -h.f!_(T-Tr) ax A (6-30) 
- p GFs(T 4 -T 4 ) = -pr 
A r 
where the terms in the first bracket arise due to the inelastic response, and the terms in the 
second bracket are the classical thermoelastic coupling terms for an adiabatic 
conditionP91 Substituting the Helmholtz free energy equation (6-28) into Equation (6-
15), the stress-strain relation is obtained 
(6-31) 
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With the constitutive constrain, Equation (6-21), the effective elastic modulus, Ee, can be 
represented in the form of 
(6-32) 
From Equation (6-32), it can be noticed that the value of Ee of the fatigue-damaged body 
is related to the strain rate. The response of the uniaxial bar subjected to uniaxial 
homogeneous high-cycle fatigue loading can be characterized using Equations (6-30) and 
(6-31) together with the constitutive equations (6-20) to (6-26). 
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4. Numerical Simulation and Discussion 
In order to implement the formulated model to predict the thermal and mechanical 
responses of the high-cycle fatigue of the material, it is assumed that there is no internal 
heat source (other than material dissipation), so that r = 0 in Equation (6-30). Hence, 
Equation (6-30) can be written in the following equivalent form 
[(Eee-Eeat + EiIT0 )a1 ]-[Ee<ITt+ pC\T]+ k a2~ -h]!_(T-T,) ax A 
- p GFs(T 4 -T 4 ) = 0 A , 
The material constants of UL TIMET alloy are1321 
Young's Modulus E = 238,000 MPa 
Thermal expansion coefficient a = 13.0 µm/m°C 
Density p = 8,470 kg/m3 
Specific heat at a constant volume Cv = 456 J/kgK 
Convection heat transfer coefficient h = 12.5 W/m2K 







s = 5.67 x 10-s W/m2K4 
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(6-33) 
Note that the specific heat at a constant volume is chosen as the value of the specific heat 
at a constant pressure. Methods to obtain the material parameters for the Bonder-Partom's 
constitutive equations, Zo, Z1, Z2 Do, n, m1 and m2, have been discussed previously by 
various authors.[IOB-ll4J The method by Chan et aI.1110-1111 was used herein. Their 
procedure has its basis in physical and phenomenological considerations and involves 
fitting the model parameters to experimental data. By numerically integrating the coupled 
equations (6-20) to (6-26) and (6-31) with the model parameter experimentally 
determined, and comparing the experimental tensile-test results with predicted ones, the 
material parameters of the model are refined to best fit the experimental stress-strain 
curves. Note that in a simple tensile test, there is no fatigue damage. Hence, the 
constitutive constrain Equation (6-21) does not apply. In this case, the effective elastic 
modulus is not governed by the Equation (6-32), but replaced by the Young's modulus of 
ULTIMET superalloy. The obtained parameters are 
Zo= 2550MPa 
Z1 = 3100 MPa 
Z2 = 60 MPa 
Do= 104 sec.-• 
n = 1.085 
m1 = 0.15 MPa-• 
m2 = 5.44 MPa-• 
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Figure 6-4 shows the experimental monotonic tensile a-E curves, and those generated by 
the constitutive model with the above material parameters. At the strain rate of 
0.0005/sec., the experimental stress-strain curve of ULTIMET superalloy showed that the 
material was initially elastically deformed, then yielded and plastically deformed. With 
the strain rates of 0.001/sec. and 0.01/sec., the elastic and strain-hardening behavior 
shown in the experimental curve was not significantly different, but the yield point was 
raised to higher values. The predicted stress-strain curves displayed similar trends as the 
experimental ones at all three strain rates. The good agreement of the experimental and 
predicted results at 0.0005/sec., 0.001/sec., and 0.011sec. in Figure 6-4 confirmed the 
ability of the model to simulate the strain-rate effect. 
In the consideration of the transient anelastic effect due to the accumulation of fatigue 
damage, it is reasonable to assume that the anelastic modulus, Ea, is identical to the 
Young's Modulus of the material, E. To fit the stabilized hysteresis loop, the viscosity 
coefficient, Tl, is postulated to be small, as 0.1 GPa•sec. 
To illustrate the stress-strain behavior and resulting temperature rise, an example is 
considered for a round bar subjected to high-cycle fatigue with an R ratio of 0.05, a 
maximum applied stress level of 703 MPa, and a reference temperature at 22.60 °C, the 
same as the initial temperature of the specimen and the temperature of the environment. 
The stress-strain and thermal responses for the described condition can be obtained 
through the integration of Equations (6-22) to (6-26) and (6-33) with constitutive 
constrain equations (6-20) and (6-21). The numerical simulation is fulfilled using a 
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numerical integration scheme. The inputs of the model require the applied stress during 
fatigue, Figure 6-S(a), the material constants, E, a , p, Cv, fl, h, R, G, F, and s, and the 
parameters of Zo, Z1, Z2, Do, m1, m2, and n obtained above. 
An example of the stress versus time curve for a test performed using the Material 
Testing System (MTS) controlling program is shown in Figure 6-S(a). The experimental 
and predicted temperature oscillations of ULTIMET alloy at the initial stage of high-
cycle fatigue are shown in Figure 6-S(b ). It can be noted that, in the time region I of 
Figure 6-S(b ), the initial temperature decreased due to the thermoelastic effect. The 
general one-dimensional equation governing the thermoelastic effect can be derived by 
discarding the first term in the numerator of Equation (6-33), and it can be shown that the 
change of temperature is negatively proportional to the applied stress. 
After the initial decrease, the temperature stayed constant in the time region II of Figure 
6-S(b), corresponding to the holding stage of the applied stress in Figure 6-S(a). The 
temperature continued to decrease until the applied stress level was greater than the yield 
strength of the material. The temperature then increased sharply, which is due to the 
relatively large plastic deformation, as shown in Figure 6-S(b). When the specimen was 
unloaded, the temperature continued to increase until the beginning of the second cycle. 
Thereafter, the temperature oscillated around an increasing mean temperature. As 
indicated by the dashed lines, A1 and A2 in Figure 6-5, the highest temperature was 
always coincident with the lowest stress level. However, the lowest temperature did not 
concur with the highest stress level, as shown by the dashed lines, B1 and B2. The reasons 
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lie in that: (a) when the material undergoes elastic tension in the loading direction the 
temperature decreases, but the temperature starts to increase while the applied stress level 
reaches yield strength of the material and before it reaches the maximum stress level; (b) 
when unloading, the material can be regarded as undergoing elastic deformation, the 
temperature increases to the maximum when the applied stress reaches the minimum 
stress level. Then, the above two processes continued during whole fatigue cycling 
period. 
The experimental and predicted cyclic stress-strain curves are shown in Figure 6-6. It can 
be seen that ULTIMET alloy experienced strain ratcheting, and eventually the strain 
stabilized with the typical shape in Figure 5-7(b). The predicted and experimental cyclic 
stress-strain curves are in reasonably good agreement in Figure 6-6. 
Since the cyclic loading was relatively fast, and the heat-transfer effect was relatively 
small, the testing condition may be regard as adiabatic. Especially, at the initial stage of 
fatigue cycling, there is no significant difference between the predicted temperatures in 
the consideration of insulated condition, only heat conduction, both heat conduction and 
convection, and the combination of heat conduction, convection, and radiation, as shown 
in Figure 6-7. The predicted temperatures based on above different boundary conditions 
were in good agreement with the experimental one. 
As stated in PART 5, the energy dissipation can be characterized by the hysteresis loops 
of the stress-strain curve during a fatigue test. It can be seen in Figures 5-7(b) that, after 
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the initial buildup of plastic strains, the typical shape of the hysterics loop was reasonably 
stable. Therefore, the internal energy dissipation generated by plasticity and transient 
anelastic effects was nearly constant. Since the increment of the mean temperature of the 
fatigue specimen was mainly due to the work done by irreversible deformation, the 
dissipated mechanical energy can be equated to a constant heat source uniformly 
distributed in the gage section of the specimen. In addition, the heat convection and 
radiation are much smaller than the heat conduction. Based on the above rationalization, 
the energy balance law, Equation (6-30) can be converted into 
pC oT(x,t) = k o2T(x,t) Q 
V Ot OX2 + 
(6-34) 
where Q is the constant heat generation rate due to the inelastic deformation. 
The initial temperature in the specimen is assumed to be uniform, 22.60 °C. For the time t 
> 0, the energy is generated in the specimen at a constant rate, Q, by inelastic 
deformation. Per the specimen geometry (Figure 3-2), the midpoint of the specimen was 
defined as x = 0, and the boundary surface at x = ±17 mm corresponded to the gage and 
shoulder sections of the specimen where the temperature remained at 22.60 °C. The input 
of constant heat generation, Q, was calculated through the integration of the inelastic 
work over the stabilized hysteresis loop with the consideration of test frequency. From 
Equation (6-34), the boundary conditions, and the initial conditions, the temperature 
130 
could be obtained as a function of time and distance along the specimen longitudinal 
direction. 
The measured and calculated mean temperature curves as a function of the number of 
cycles are presented in Figure 6-8. A good agreement was obtained before the onset of 
the abrupt temperature increase stage. The breakdown in the prediction of the present 
model in the abrupt temperature rise region occurred because of the stress concentration 
at the crack front. In this area, the material experienced a large plastic deformation, C33J the 
treatment of which is beyond the scope of the present work. Since the termination of the 
steady-state region during a smooth-bar, high-cycle fatigue test is due to the stress 
concentration at the crack front, another constitutive model accounting for the large 
plastic deformation will be considered in the near future. 
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5. Conclusions 
Based on the framework of the thermodynamic and mechanical coupling equation, a 
constitutive model has been formulated for predicting the mechanical and thermal 
responses in a uniaxial bar of ULTIMET alloy under high-cycle fatigue. The predicted 
and experimental results were in good agreement. The introduction of Bonder and 
Partom's constitutive equations for isotropic hardening as an internal state variable is 
capable of characterizing the plastic deformation during high-cycle fatigue. It is 
reasonable to assume the transient anelastic effect in order to account for the fatigue 
damage. The "unified" constitutive approach was able to predict the thermal and 
mechanical coupling effects. 
Through the experimental characterization of the temperature evolution, mechanical 
response, and fatigue mechanisms, a thermodynamic-mechanical coupling model has 
been formulated, which is capable of predicting the thermal and mechanical responses of 
an elastic-plastic material. 
Some of the important factors, such as microvoid growth and transgranular macrofracture 
during fatigue, are neglected in the present model. Especially, at the point of the 
breakdown of the steady-state mean temperature during fatigue, the deformation mode 
changes from the isotropic to localized deformation (e.g., the large plastic deformation 
around the crack front). 
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PART7 
HIGH-FREQUENCY FATIGUE BEHAVIOR 
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1. Introduction 
Recently, in response to the significant demand from the civil and military aircraft and 
engine companies to investigate the prime causes of turbine-engine failures due to the 
high-frequency, low-amplitude, high-cycle fatigue, new types of material test systems are 
being developed. In the present study, a state-of-the-art servohydraulic material test 
system capable of cyclic test frequencies up to 1,000 Hz was employed to study the high-
cycle fatigue behavior of ULTIMET® alloy, a cobalt-based superalloy. 
In aircraft and engine applications, some components of the complex system may be 
subjected to ultrahigh-frequency (about 1 to 2 kHz) loading with relatively high mean 
loads but small amplitudes. The high-frequency, high-cycle fatigue of the components 
can result in essentially unpredictable failures of the entire system. To simulate the high-
frequency condition and study the frequency effect on the fatigue behavior of materials 
were two of the reasons, which led to the development of high-frequency material test 
systems. The high-frequency testers also reduced the test time. 
Mason is considered the first to use pizoelectric crystal transducers to investigate the 
fatigue properties of metals at an ultrasonic frequency, on the order of 20 kHzY 151 
Nowadays, a great portion of the ultrahigh-frequency test systems still follows Mason's 
original design_ll IS-IISJ In principle, they were resonance systems in which each 
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component was designed to have a resonant frequency of about 20 kHz. A 
magnetostrictive type of transducer was used to transfer the longitudinal ultrasonic waves 
to the specimen, and the whole system operated at the resonant frequency. Using this type 
of the material test system, it was claimed that the ultrasonic frequency caused a 
pronounced increase in the fatigue life of aluminum alloys, Cl 161 had a mild effect on the 
fatigue life of body-centered-cubic (BCC) materials and no effect on that of face-
centered-cubic (FCC) materials,U 171 or had various effects depending on the types of test 
materials. C4 IJ It was found that the fatigue behavior at high frequencies had similar 
characteristics to that of low-frequency fatigue, except that persistent slip bands were 
rather more localized in the high-frequency case. r116•1181 
More recently, the traditional 250 kN MTS® material-test-system frame was combined 
with a high-performance, high-flow "voice coil" servovalveY 191 This integration of 
techniques provided a high-frequency (1,000 Hz) material test system capable of 
relatively high actuator displacements (+/- 0.17 mm) and dynamic loads(+/- 20 kN) at 
1,000 Hz. This type of the material test system was developed for high-frequency 
operation, and the resonance frequency of the system at the University of Tennessee, 
Knox ville, was approximately 600 Hz. Employing this type of material test systems, 
crack propagation tests were carried out, and the frequency effect on the fatigue crack 
growth rate was insignificant for a Ti-6Al-4V alloy and a nickel-based alloy, KM4, tested 
at room temperatureY 20•1211 
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In the present study, the high-cycle fatigue tests were conducted at high (1,000 Hz) and 
conventional (20 Hz) frequencies in air at room temperature. Transmission electron 
microscopy (TEM) was used to characterize the microstructural feature of UL TIMET 
alloy. Structural analysis of ULTIMET alloy was carried out by x-ray diffraction as well. 
The mechanisms of fatigue failures at both frequencies were studied using optical 
microscopy (OM) and scanning electron microscopy (SEM). The high and low-frequency 
fatigue tests were monitored by an advanced infrared (IR) camera. 
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2. Fatigue Stress-Life Data 
The stress vs. fatigue life (S-N) curves in terms of the number of cycles to failure or run-
out, including results obtained at 1,000 Hz using the MTS Model 1,000 Hz 810 system, 
and 20 Hz using both MTS Model 810 and MTS Model 1,000 Hz 810 systems in air at 
room temperature, are shown in Figure 7-1. The general trend of the S-N data was that 
the fatigue life increased with decreasing the applied maximum stress level, as is 
normally observed. 
Regardless of the test frequencies and test systems employed, there was a plateau region 
on the S-N curve. At both 20 and 1,000 Hz fatigue testing, the applied maximum stress 
level at the plateau region was 586 MPa, which was near the yield strength of ULTIMET 
alloy. 
As shown in Figure 7-1, the results of the 20 Hz fatigue tests using both MTS Model 810 
and MTS Model 1,000 Hz 810 systems were in good agreement when the stress level is 
above the plateau region, which is indicated by a dashed line. At the applied maximum 
stress level below the plateau region, the fatigue life obtained by the MTS Model 1,000 
Hz 810 system was somewhat shorter than that by the MTS Model 810 system. This 
difference could be due to the variation of the relative humidity in the environment, 
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which was 40 to 46% for the MTS Model 1,000 Hz 810 system and 20 to 24% for the 
MTS Model 810 system. 
As the comparison of 20 and 1,000 Hz fatigue test results obtained by the MTS 1,000 Hz 
810 system, the fatigue lives were indistinguishable within the tested range of the applied 
maximum stress level, from 600 to 700 MPa. However, there were some discrepancies. 
Specifically, at the applied maximum stress level below 600 MPa, but above 540 MPa, 
the fatigue life at 20 Hz was greater than that at 1,000 Hz. At the applied maximum stress 
level below 540 MPa, the fatigue life at 1,000 Hz was longer than that at 20 Hz. 
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3. Temperature Evolution 
It was found that the temperature of the specimen subjected to cyclic deformation rose 
due to the heat generated by energy dissipation, and a greater increase in the temperature 
at the high frequency of 1,000 Hz was observed than at 20 Hz.185-861 In the present study, 
the temperature increase was measured by an advanced IR camera. 
Figure 7-2 shows the temperature profiles of the midpoint of the gage-length section of 
ULTIMET alloy during high-cycle fatigue at 1,000 Hz and 20 Hz with a R ratio of 0.05. 
At 1,000 Hz with an applied maximum stress level of 528 MPa, in Figure 7-2(a), the 
specimen temperature at the midpoint of the gage section initially increased with 
increasing fatigue cycles, approached an equilibrium (steady-state) temperature of about 
90 °C, then, increased abruptly from approximately 90 °C to 133 °C, and finally, the 
temperature dropped due to the failure of the specimen. The fluctuation of the 
temperature during the equilibrium stage was due to the "on" and "off' status of the air 
conditioning. When the air condition was on, the equilibrium temperature was decreased, 
and when it was off, the equilibrium temperature was increased. 
The temperature profile of a specimen subjected to a maximum stress level of 703 MPa 
and a R ratio of 0.05 during a 20 Hz high-cycle fatigue test is presented in Figure 7-2(b). 
Similar to the trend found at 1,000 Hz, an initial increase in the temperature, from 26 °C 
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to 40 °C, was observed, followed by a steady-state region at about 40 °C, then, an abrupt 
increase from 40 °C to 50 °C was found, and eventually, the temperature decreased 
significantly, resulting from the separation of the specimen. 
Depending on the applied maximum stress level, at the low frequency of 20 Hz, the 
temperature increase (which is the difference of the temperature at the equilibrium stage 
and the room temperature) varied from Oto 60 °C. At the high frequency of 1,000 Hz, it 
changed from O to 400 °C within the test specimens. 
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4. Energy Dissipation 
Materials do not behave in a perfectly elastic manner even at very low stresses. 
Inelasticity is always present under all types of loading. In cyclic loading conditions, due 
to the presence of inelasticity, the stress-strain or load-displacement curve is no longer a 
single-valued function but forms a hysteresis loop. The area enclosed by the hysteresis 
loop is the energy absorbed, which is the damping energy. The damping energy will be 
converted into heat, and eventually dissipated through the material. The damping energy 
could depend on the rate and amplitude of cyclic loading, or only depend on the 
amplitude of cyclic loading, but not depend on the rate of loadingY221 For ULTIMET 
alloy, the damping energy is dependent on both the rate and amplitude of cyclic loading. 
During a 20 Hz fatigue test, a stress-strain curve of a specimen at the initial cycles is 
presented in Figure 5-7. Because of the plastic deformation (corresponding to a 
maximum applied stress level at 703 MPa, which was 120 % of the yield strength of 
ULTIMET alloy) and positive mean stress (R Ratio of 0.05, tension-tension, high-cycle 
fatigue testing), the hysteresis loop was "ratcheting" in the direction of increasing tensile 
strains. At the beginning of cyclic loading, the area under the hysteresis loop was 
relatively large. However, the rate of ratcheting generally decreased, as fatigue loading 
continued. As shown in Figure 5-7(b), the differences of hysteresis loops at 252nd and 
253rd fatigue cycles are not distinguishable, but there is still a large amount of buildup of 
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plastic strains by comparing the relative positions of the hysteresis loops at the 252nd (or 
253rd) and 370th cycles. 
The accumulation of the irreversible plastic strain continued until the mean strain reached 
a certain value depending upon the applied maximum stress level, and the hysteresis loop 
remained at a typical shape and size as well. With the same R ratio and testing conditions, 
the larger the applied maximum stress level, the greater the stabilized mean strain and the 
area of the hysteresis loop. Since the MTS Model 1,000 Hz 810 system did not have a 
strain measurement instrument, the stress-strain curve was not available. One would 
expect the similar trend of the stress-strain behavior, i.e., ratcheting at the beginning and 
stabilizing after certain cycles. 
The load-displacement hysteresis loops shown in Figure 7-3 are the ones at the stabilized 
stage, in which the shape and amplitude of the hysteresis loop did not obviously change, 
during high-cycle fatigue tests at 1,000 Hz and 20 Hz. As shown in Figure 7-3, the 
hysteresis loop at 1,000 Hz was a fat ellipse, but that at 20 Hz was a thin strip. Although 
the applied maximum stress level of 528 MPa at the 1,000 Hz test was much lower than 
that of 703 MPa at the 20 Hz test, the area of the typical 1,000 Hz load-displacement 
hysteresis loop at the stabilized stage was greater than that at 20 Hz. 
In the tension-tension, high-cycle fatigue test, the temperature evolution corresponds to 
the change of the stress-strain state. It has been experimentally found that the stored 
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energy is only a small amount of dissipated energy, < 1 %.c821 Hence, almost all the 
irreversible mechanical energy due to the inelastic deformation will be converted into 
heat. The temperature evolution manifests the change of the stress-strain or load-
displacement behavior. 
The energy conversion based on the hysteresis loop of a stress-strain curve may be 
represented by 
(7-1) 
where Qss is the energy density, which is the energy absorbed by the specimen per unit 
volume per cycle of loading, and cr and E are the stress and strain applied to the specimen. 
The mechanical energy dissipated in each cycle can also be represented by the area under 
the hysteresis loop of a load-displacement (or stress-strain) curve. For a tested specimen, 
(7-2) 
where Q1d is the total energy absorbed per cycle of loading by the specimen, P is the load 
applied on the specimen, and X is the displacement. 
The stress-strain or load-displacement curve was found to be stabilized with a typical 
shape and amplitude during most of the time of high-cycle fatigue in the present and 
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previous studies. [85-861 Typical shapes of the hysterics loops at the stabilized stage were 
exhibited in Figure 7-3. Hence, the dissipated energy per cycle could be assumed almost 
constant. Since the increment of the mean temperature of the fatigue specimen of 
ULTIMET alloy was mainly due to the work done by the irreversible deformation, the 
dissipated mechanical energy can be equivalent to a constant heat source uniformly 
distributed in the gage section of the specimen. Based on the above rationalization, and 
the energy balance law, for a one-dimensional case, 
pC aT(x,t) = k a2T(x,t) Q 
V at ax2 + (7-3) 
where p is the mass density, and Cv is the specific heat at a constant volume. Q is the 
constant heat generation rate, which is the dissipated mechanical energy per unit volume 
per second, and could be calculated from the hysteresis loop of either a load-displacement 
or stress-strain curve. In the present study, at a test frequency, f, the heat generation was 
mainly due to the inelastic deformation. The cylindrical specimen is simply treated as a 
one-dimensional rod, and the midpoint of the gage section is regarded as the axis origin, 
0. x is the distance from the axis origin, and t is the time of fatigue testing. By solving the 
heat-conduction equation, Equation (7-3), for the midpoint of the specimen, x = 0, the 
temperature difference, ~ T, between the steady-state mean temperature, T 5, and room 
temperature, T 0, can be represented by either 
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(7-4) 
which is based on the stress-strain curve, or 
(7-5) 
which is based on the load-displacement curve. In Equations (7-4) and (7-5), Lg is the 
effective specimen gage length, V is the volume of the whole specimen, and k is the 
coefficient of heat conduction. 
The predicted and experimental temperature increases during high-cycle fatigue at 
different frequencies are presented in Table 7-1. As shown in Equations (7-4) and (7-5), 
the temperature increase depends on Lg, and herein, Lg was chosen between Ltun, which 
was half of the length of the gage section, and Lg max, which was half of the length 
including both gage and shoulder sections. The third and fourth columns in Table 7-1 are 
the data obtained based on the stress-strain curve and the minimum and maximum Lg 
values, respectively. Since the MTS Model 1,000 Hz 810 system did not have a strain 
measurement facility, the calculated temperature increase based on the stress-strain curve 
was not available. The fifth and sixth columns are the data calculated based on the load-
displacement curve with respect to the minimum and maximum Lg values. The data of 
the seventh column were the measured temperature increase by the IR camera. 
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As presented in Table 7-1, the experimental values of the temperature increase and 
calculated ones based on the load-displacement curves were found generally to fall 
between the minimum and maximum results calculated from the stress-strain curves. The 
temperature increases obtained based on the load-displacement curves were 
underestimated relative to the actual temperature increases at 20 Hz, but overestimated at 
1,000 Hz. 
The change of temperature due to energy dissipation during a fatigue test may help 
explain the discrepancy of fatigue life at different frequencies. It is likely that the higher 
temperature increases at 1,000 Hz than that at 20 Hz may cause the fatigue life at 1,000 
Hz shorter than that at 20 Hz. As exhibited in Figure 7-1, at the applied maximum stress 
level below 600 MPa, but above 540 MPa, the fatigue life at 20 Hz seemed longer than 
that at 1,000 Hz. 
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5. Fractography 
The fracture surfaces of the failed specimens were examined by SEM. Figure 7-4 
presents the fracture surface of a specimen fatigued at 1,000 Hz, at an applied maximum 
stress level of 616 MPa, with a R ratio of 0.05, in air, and at room temperature. By 
careful examination, the topography of the fracture surface was found to have five 
distinctive regions. As presented in Figure 7-4(a), they are (a) the crack-initiation region, 
(b) the crack-propagation region with a crystallographic appearance, (c) the crack-
propagation region with striations, (d) the dimpled-overload region, and (e) the overload 
region with fretting damage. The crack-initiation sites were identified by tracing back 
along the fracture-surface markings, which radiated from the point of the origin. The 
fatigue-crack-initiation site was at the specimen surface, as shown in Figures 7-4(b) and 
(c). The high-magnification micrograph of the initiation site in Figure 7-4(c) reveals a 
cleavage-like fracture surface typical of stage I crack initiation. Generally, the size of the 
crack-initiation sites was on the order of the grain size, ranging from 100 to 200 µm. 
Interestingly, for 1,000 Hz tests, at a lower applied maximum stress level of 528 MPa, the 
fracture surface showed the same appearance as that at a high stress level (Figure 7-4 ), 
but the fatigue-crack-initiation site was at the subsurface, as shown in Figure 7-5. The 
topography of the fracture surface at 528 MPa [Figure 7-5(a)] possessed the similar five 
regions as that at 616 MPa, as presented in Figure 7-4(a). However, as shown in Figures 
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7-S(b) and (c), the fatigue crack initiated at the subsurface. The common features of the 
crack-initiation sites for both surface and subsurface crack initiation were: (a) flat facets 
with the size on the order of 100 to 200 µm at the origin, and (b) the absence of 
precipitates or inclusions. Figures 7-S(d) and (e) illustrate the development of crack 
propagation from the crystallographic appearance to striations. 
Similar fractographic features of ULTIMET alloy were found for both 1,000 Hz and 20 
Hz tests. For the 20 Hz test, at a relatively high applied maximum stress level of 821 
MPa, five cleavage-like fatigue-crack-initiation sites were found on the fracture surface, 
as exhibited in Figure 4-13(a). A close-up view of the crack-initiation sites [Figures 4-
13(b) and (c)] show stage I crack-initiation features. 
After the crack initiation stage, the cracks propagated through the gage section of the 
specimen. The characteristic feature of the crack-propagation region was the "stair step" 
appearance, as revealed by the SEM examination in Figure 4-13(d). This trend indicated 
that the crack propagation was very crystallographic. 
Under all conditions, the high-cycle fatigue behavior of ULTIMET alloy exhibited a 
typical two-stage fatigue-crack-growth process: (a) stage I fatigue-crack initiation in 
which the cracks formed on those planes most closely aligned with the maximum shear-
stress direction in the grains of the fatigue specimen, and (b) stage II fatigue-crack 
growth in which the maximum principal tensile stress controlled crack propagation in the 
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region of the crack tip. It was noted that the stage I crack was confined within one grain, 
and the fracture appearance was cleavage-like. All of the fracture surfaces examined 
retained a crystallographic appearance, and the initiation sites exhibited the cleavage-like 
feature. 
Typically, the fatigue-crack initiation occurs on the specimen surface as a result of the 
irreversible process of extrusion and intrusion formation through slip deformation. 
However, this was not generally true for the fatigue-crack initiation of ULTIMET alloy. 
The crack-initiation site was found to vary from the surface to subsurface depending on 
test variables. Figure 7-6 summarizes the origins of the fatigue-crack-initiation sites for 
the 1,000 and 20 Hz tests. In the regular air environment, for both low and high-
frequency, high-cycle fatigue, at higher applied maximum stress levels greater than 600 
MPa, the fatigue cracks initiated from the surface, as shown in Figures 7-4(b) and 4-13(b) 
and (c). However, at the applied maximum stresses lower than 600 MPa, corresponding 
to the plateau region, the subsurface or near-surface crack initiation was observed. This 
can be seen in Figure 7-5(b), for a maximum stress of 528 MPa. The crack-initiation sites 
presented in all cases retained the cleavage-like features. 
Internal fatigue-crack-initiation origins have been attributed to the presence of inclusions 
in some materialsP61 It was reported that in titanium alloys, e.g., Ti-6Al-4V,176-781 and 
stainless steels, such as a typical martensitic stainless steel,1771 the crack-initiation site 
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changed from the surface to subsurface in specimens undergoing high-cycle fatigue 
subjected to either low peak stresses or long fatigue lives. 
However, in ULTIMET alloy, no inclusions were observed to cause crack initiation. The 
careful investigations of the material by SEM showed that it was very clean. The change 
of the crack-initiation site from the surface to subsurface is associated with the complex 
effects of applied maximum stress level, surface condition, and environment. For the 
specimens in the as-received condition, all surfaces were mechanically polished. As 
shown in Figure 4-17, [61 the increase of the percentage of the cold-worked condition 
caused the increase of average hardness. In the mill-annealed condition, the Rockwell 
hardness is 30. After 10 % cold work, the Rockwell hardness increased to 40. The greater 
the amount of cold work, the higher the hardness of ULTIMET alloy. Therefore, the 
surface was harder than the interior of the specimen, and the crack may initiate from the 
subsurface if there is no environmental effect. 
At high applied maximum stresses, the massive slip bands formation on the surface 
provided fresh material to interact with the environment so that the surface was more 
susceptible to damage from oxygen and moisture, and surface-crack initiation was 
favored. At low applied stresses, the harmful effects of oxygen and moisture were 
reduced because fewer slip bands were formed, and internal crack initiation was favored. 
The change of the crack-initiation site from the surface to subsurface may also explains 
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the occurrence of the plateau, since the crack initiated from subsurface was less 
detrimentally affected by the environment than that initiated from the surface. 
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6. X-Ray Diffraction Structural Analysis 
ULTIMET alloy with the FCC phase at room temperature is metastable and tends to 
transform to the HCP phase under the action of mechanical stresses or strains below the 
transformation temperature. The room-temperature x-ray diffraction results are 
summarized in Figures 4-12 and 7-7 for the fatigue testing frequencies of 20 and 1,000 
Hz, respectively. In order to reveal the characteristic diffraction peaks of both FCC and 
HCP phases, the x-ray diffraction patterns in Figures 4-12(a) and 7-7(a) present the 20 
(20 is the angle between the diffracted beam and the transmitted beam of x-ray 
diffraction) range of 40 to 55°. As shown in Figure 4-12(a), the x-ray diffraction pattern 
of the as-received material exhibited the well defined (111) and (200) peaks of an FCC 
phase. There were no noticeable changes of the x-ray diffraction patterns of specimens 
with the applied maximum stress levels of 490 and 586 MPa at 20 Hz, as compare to that 
of the as-received specimen. However, the diffraction pattern of the specimen with an 
applied maximum stress level of 615 MPa showed a perceptible additional peak, i.e., 
(1011) peak of an HCP phase. The additional HCP phase diffraction peak was 
significant in the x-ray diffraction pattern of the specimen with the applied maximum 
stress level of 762 MPa. The evolution of the HCP phase diffraction peaks with different 
applied maximum stress levels is shown much clearer in Figure 4-12(b) with a 20 range 
of 45 to 50°. 
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Similar x-ray diffraction patterns were found for specimens tested at 1,000 Hz, as shown 
in Figure 7-7(a). The characteristic (1011) peak of an HCP phase did not exhibit in the 
diffraction patterns of the as-received material and the specimens with the applied 
maximum stress levels of 480 and 528 MPa. But with the applied stress level of 615 MPa 
at 1,000 Hz, the ( 1011) peak seemed to be presented in the diffraction pattern. The 
additional HCP phase diffraction peak is more evident in Figure 7-7(b) with a 20 range of 
45 to 50°. 
It is can be seen from the results of the x-ray diffraction structural analysis that the FCC 
to HCP phase transformation was induced by plastic deformation during a fatigue test 
when the applied maximum stress level was above the yield stress, 586 MPa. Besides the 
change of the crack initiation site from the surface to subsurface, another reason for the 
presence of the plateau region might be related to the FCC to HCP phase transformation 
induced by plastic deformation. 
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7. Conclusions 
High-cycle fatigue results at both high (1,000 Hz) and low (20 Hz) frequencies were 
obtained for ULTIMET alloy. The fatigue life decreased as the applied maximum stress 
level increased, as is normally observed. The 1,000 Hz high-cycle fatigue tests gave 
fatigue lives comparable to the 20 Hz tests. 
Regardless of the testing frequency, plateaus were found in all of the S-N curves. The 
plateau occurred at an applied maximum stress level near the yield strength of the alloy, 
586 MPa, for both 20 and 1,000 Hz fatigue testing. The plateau region is due to the FCC 
to HCP phase transformation induced by the plastic deformation, and the change of the 
crack initiation site from the surface to subsurface. 
The energy-damping behavior of ULTIMET alloy is dependent on not only the amplitude 
of cyclic loading but also the rates of loading. The damping energy per cycle was higher 
at 1,000 Hz than that at 20 Hz. In addition to the higher damping energy at 1,000 Hz, the 
accumulation rate of the dissipated energy at 1,000 Hz was greater than that at 20 Hz. 
Because of these differences, the temperature increase at 1,000 Hz was considerably 
higher than that at 20 Hz. 
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The fractographic studies showed that there was a change in the crack-initiation site from 
the surface to subsurface, depending on the applied maximum stress level and 
environment. The presence of oxygen and moisture tended to promote crack initiation at 
the surface. The change of the crack-initiation site from the surface to subsurface was 
associated with a long fatigue life and low applied maximum stress level. 
At both high and low frequencies, the high-cycle fatigue behavior of ULTIMET alloy 
exhibited a typical two-stage fatigue crack growth process including (a) stage I fatigue-
crack initiation, and (b) stage II fatigue-crack growth. Regardless of the crack origin, the 
fracture surface at the crack initiation site was cleavage-like, confined within one grain, 
and its size was on the order of the grain size, 100 µm to 200 µm. The crack-propagation 
fracture surface at 20 Hz was crystallographic in nature. For an 1,000 Hz fatigue test, the 
crack-propagation fracture surface exhibited a transition from a crystallographic 
appearance to striations. 
ULTIMET alloy with the FCC phase at room temperature is metastable and tends to 
transform to the HCP phase during fatigue. The results of the x-ray diffraction structural 
analysis demonstrated that the FCC to HCP phase transformation was induced by plastic 
deformation during a fatigue test when the applied maximum stress level was above the 
yield strength, 586 MPa. 
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PARTS 
LOW-CYCLE FATIGUE: EXPERIMENTAL RESULTS 
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1. Introduction 
When one examines the history of aero-engine development, cobalt-base alloys emerge 
as the first true member of the superalloy family. A historical perspective of the cobalt-
based materials is given in Table 8-I. 151 For many years, the predominant user of high-
temperature superalloys was the gas turbine industry. In the case of aircraft gas turbine 
power plants, the chief material requirements were elevated-temperature strength, 
resistance to thermal fatigue, and oxidation resistance. For land-base gas turbines, which 
typically bum lower grade fuels and operate at lower temperature, sulfidation resistance 
was the major concemY 231 Although the development and use of cobalt-based alloys 
were greatly overshadowed by the advent of nickel-based superalloys, wrought cobalt-
based superalloys are used extensively in gas turbine engines because of their excellent 
high-temperature creep and fatigue strengths and resistance to hot corrosion attack. In 
addition, the unique feature of the oxide scales that form on some of the alloys provides 
outstanding resistance to high-temperature sliding wear. 151 
The strengthening mechanisms utilized in cobalt-based alloys are principally a careful 
balance of the refractory element solid-solution hardening and carbide precipitation. Both 
are necessary for high-temperature creep rupture and fatigue strength. The high-
temperature strengthening of wrought cobalt-based alloys is accomplished mainly 
through the use of solid-solution alloying elements, such as molybdenum, tungsten, 
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tantalum, and niobium in combination with carbon to promote carbide precipitation.151 
However, the uses of high levels of carbon limit manufacturing operations to the hot-
working process, and hence, cobalt-based alloys usually contain carbon at levels of 
0.15% or less. 
Structural components used in high-temperature applications experience temperature-
stress-time dependent microstructural changes. One of the interesting aspects of 
ULTIMET alloy is that it exhibits two crystallographic forms. Below about 700 °C, the 
equilibrium structure is hexagonal-close-packed (HCP or E); above this temperature, it is 
FCC (or a.). For UTLIMET alloy, the cooling rates from the solution-annealing 
temperature are high enough to avoid the FCC to HCP transformation, and the lack of 
sufficient thermal energy prevents the transformation from occurring at room 
temperature. However, the transformation can be triggered by mechanical deformation at 
room temperature, isothermal aging at intermediate temperatures, or the combination of 
mechanical deformation and isothermal aging at intermediate temperatures. IS-BJ 
The FCC to HCP phase transformation was observed for Co-27Cr-5Mo alloys after aging 
at 750 °C, and for MP35N alloy after large cold reduction and subsequent aging_l1 5-261 It 
is expected that the FCC to HCP phase transformation may occur when ULTIMET alloy, 
with nickel content between that of Co-27Cr-5Mo alloys and MP35N alloy, is subjected 
to cyclic deformation at intermediate temperatures. Since the FCC to HCP transformation 
is beneficial to the fatigue life by reducing internal strains,11 241 the longer fatigue life at 
158 
intermediate temperatures may be present. In addition, dynamic strain aging has been 
noted to contribute to complex isothermal hardening trends. 123•241 In general, dynamic 
strain hardening can enhance the hardening rate of ULTIMET alloy subjected to fatigue 
in the intermediate temperature range. 
For high-temperature fatigue, the alloy compositions of ULTIMET alloy offer special 
advantages to explore complex strengthening mechanisms, including the solid-solution 
strengthening, precipitation strengthening, and FCC-HCP phase-transformation 
strengthening. The objective of the present research is to gain a better understanding of 
the low-cycle fatigue behavior of ULTIMET alloy at various temperatures, i.e. 21, 600, 
and 900 °C. The availability of fatigue data in ULTIMET alloy can provide new 
commercial opportunities for structural and high-temperature applications. The fatigue 
crack initiation and propagation modes of ULTIMET alloy were carefully examined by 
scanning electron microscopy (SEM). The microstructural evolution during low-cycle 
fatigue was characterized by x-ray diffraction and transmission electron microscopy 
(TEM). The effect of phase transformation on the fatigue behavior of ULTIMET alloy 
was studied. 
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2. Low-Cycle Fatigue Behavior 
Low-Cycle Fatigue Life 
The total strain range versus fatigue life curves of ULTIMET alloy at various 
temperatures are shown in Figure 8-1. In general, the fatigue life of the material 
decreased with increasing the total strain range. The dependence of fatigue life on the test 
temperature of ULTIMET alloy was complicated: at the test temperatures and total strain 
ranges investigated, (a) at 600 °C, the material possessed the longest fatigue life, (b) at 
900 °C, it had the shortest fatigue life, and (c) at 21 °C, the alloy gave an intermediate 
fatigue life. 
For typical engineering applications, empirical equations have been utilized extensively 
and successfully to describe the phenomenological fatigue behavior of materials. In the 
case of high-cycle fatigue, the Basquin's relation is generally used. In the case of low-
cycle fatigue, the Manson-Coffin low-cycle fatigue relation is employed. Cl 4l Equation (8-
1) forms the basis for the strain-life approach to the fatigue design, and has found 
widespread applications in industrial practice. 
Ile - !lee Ile P - u~ (2N )b , (2N )c ----+---- +e 
2 2 2 E 1 1 1 
(8-1) 
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In Equation (8-1), 8E is the total strain range, 8Ee is the total elastic strain range, 8Ep is 
the total plastic strain range, a; is the fatigue strength coefficient, E is the Young's 
Modulus, b is the fatigue strength exponent, e; is the fatigue ductility coefficient, c is the 
fatigue ductility exponent, and Nr is the number of cycles to failure. 
According Equation (8-1), using a least-squares regressing analysis, the Coffin-Manson 
relation of the fatigue life and strain amplitude at different temperatures is give as 
follows: 
(a) at 21 °C, 
8E = 8Ee + 8E P = 1880 (2N )-o.1os + 3_2943(2N )"o.ms 
2 2 2 E t t 
21 
(8-2) 
where, E21 is the material elastic modulus at room temperature, 238,000 MPa; 
(b) at 600 °C 
8E = 8Ee + 8E p = 3285 (2N r0.1519 + l 8.922(2N r0.8533 
2 2 2 E t t 
600 
(8-3) 
where,~ is the material elastic modulus at 600 °C, 219,000 MPa; 
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and (c) at 900 °C 
ll.e = fl.Ee + ll.e p = 5348 (2N r0.2615 + 27 .784(2N rl.0492 
2 2 2 E r r 
900 
(8-4) 
where, E900 is the material elastic modulus at 900 °C, 191,000 MPa. 
The material elastic modulus at different temperatures was determined as an average 
value of modulus for the tests conducted at same temperature. The predicted total strain 
range versus fatigue life curves based on Equations (8-2) to (8-4) were illustrated in 
Figure 8-1 as solid lines. It was found that the predicted curves are in good agreement 
with the experimental results. 
Effect of Temperature on Evolution of Cyclic Stress 
The evolution curves of the peak stress of ULTIMET alloy during low-cycle fatigue at 
21, 600, and 900 °C are illustrated in Figure 8-2. At 21 °C, the material initially 
hardened, followed by softening. Regardless of the applied total strain range, the material 
reached the maximum stress at about 10 to 20 cycles. At 600 °C, the material initially 
hardened, followed by a relatively stabilized stage from 10 to 100 cycles, and then 
hardened again. At 900 °C, significant cyclic hardening was found. 
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A typical comparison of the evolution of peak stresses during low-cycle fatigue of 
ULTIMET alloy with an applied total strain range of 1.5% is illustrated in Figure 8-3(a). 
Figure 8-3(b) depicts the normalized peak stress evolution curves, in which peak stresses 
of all cycles have been normalized with respect to the peak stress of the first cycle. Figure 
8-3(a) shows that the effect of temperature on the evolution of peak stresses is complex. 
At the initial short period, the higher the temperature the lower the peak stress with the 
same applied strain level. After about 20 cycles, the peak stresses at 900 °C were greater 
than those at 600 °C. Before the initiation of macrocrack, the peak stress at 600 °C 
reached the highest peak stress level. It is can be seen from Figure 8-3(b) that with the 
applied total strain range of 1.5%, at 21 °C the peak stresses were relatively stable, at 600 
°C the peak stresses increased moderately, and at 900 °C the peak stresses increased 
considerably until the macrocrack initiation and propagation. 
Crack Initiation and Propagation Modes 
At 21 °C, the crack initiation and propagation occurred in a transgranular mode, as shown 
in Figure 8-4. Stage I crack initiation and stage II crack propagation were characterized 
by the cleavage-like facet of the crack-initiation region, as exhibited in Figure 8-4(a), and 
the crystallographic feature of the crack-propagation region with a great amount of 
cleavage facets, as exhibited in Figure 8-4(b), respectively. 
163 
At 600 °C, the crack initiation and propagation occurred in a transgranular mode with a 
small amount of oxidation. The stage I crack initiation possesses a cleavage-like facet, 
which was induced by slip bands and confined to the active slip planes, as shown in 
Figure 8-S(a). The stage II transgranular crack propagation was characterized by the 
occurrence of striations on the fracture surface, as shown in Figure 8-S(b ). 
At 900 °C, there is a greater amount of oxidation, but the fracture surface can be clearly 
characterized. With an applied total strain range smaller than 1.5%, the typical cleavage-
like stage I crack initiation and striation featuring stage II crack propagation were 
observed as those at 600 °C. However, with an applied total strain range not smaller than 
1.5%, the intergranular crack initiation, as exhibited in Figure 8-6(a), and the mixed 
trans granular and intergranular crack propagation modes, as presented in Figure 8-6(b ), 
were observed. In addition, the intergranular crack propagation is an important fatigue-
damage mechanism. 
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3. Microstructural Characterization 
21 °C 
UL TIMET alloy with the FCC phase at room temperature was metastable and tended to 
transform to the HCP phase under the action of mechanical stress or strain below the 
transformation temperature.13•5·8•151 During the low-cycle fatigue tests of ULTIMET alloy, 
the interaction of the stacking faults may form the FCC twins and/or HCP phase. The x-
ray diffraction structural analysis easily distinguished the HCP phase from the FCC 
matrix of the alloy. In order to reveal the characteristic diffraction peaks of both the FCC 
and HCP phases, the x-ray diffraction traces herein are in the 20 range of 40 to 55°. The 
room-temperature x-ray diffraction results are summarized in Figure 8-7 for the low-
cycle fatigue testing at 21 °C. As shown in Figure 8-7, the x-ray diffraction pattern of the 
as-received material exhibitCQ the well defined (111) and (200) peaks of an FCC phase. 
There was no noticeable change of the x-ray diffraction pattern of the specimen with the 
applied total strain range of 0.4%, as compared to that of the as-received specimen. 
However, the diffraction patterns of the specimens with an applied total strain range 
greater than 0.4%, e.g., 0.6%, 1.0%, 1.5%, 2.0%, or 2.5%, showed a noticeable (10! 1) 
peak of an HCP phase. If one examines the peak stress evolution curves for the low-cycle 
fatigue tests at 21 °C, as shown in Figure 8-2(a), the peak stress of the curve with a total 
applied strain range 0.4% never exceeded 500 MPa, which is well below the yield 
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strength of ULTIMET alloy, 586 MPa. It can be seen from the results of x-ray diffraction 
structural analyses for the low-cycle fatigue test at 21 °C that the FCC to HCP phase 
transformation was induced by plastic deformation during a fatigue test, when the applied 
maximum stress level was above the yield stress, 586 MPa. 
As shown in Figure 8-7, the relative intensity of ( 10 T 1) peak of the transformed HCP 
phase was increasing, when the applied total strain range increased. This trend indicated a 
significant amount of HCP phase was formed during low-cycle fatigue. The absence of 
other HCP diffraction peaks was due to texture effects that resulted from material 
processing and deformation. Assuming that texture effects were negligible, the relative 
amount of FCC and HCP phases could be estimated from the integrated intensities of the 
isolated (200) peak of the FCC phase and (10 T 1) peak of the HCP phase. The direct 
comparison method11241 was used to semi-quantitatively assess the fraction of HCP phase. 
The exact expression for the intensity diffracted by a single phase powder specimen in a 
diffractometer is 
I= 0 AA µ 0 .!!.,_ _!__ Fi l+cos aJ _e_ 
( 
/ 13 1( ]2 4 l 1 1 2 ~L) JI -2M J 
32m 4n m2 v2 I I sin 2 0cos0 2µ (8-5) 
where I is the integrated intensity per unit length of diffraction line, Io is the intensity of 
an incident beam, A is the cross-sectional area of the incident beam, A is the wavelength 
of the incident beam, r is the radius of diffractometer circle, µo is equal to 
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4n x 10-1 mkgc-2 , e is the charge on an electron, m is the mass of an electron, v is the 
volume of a unit cell, Fis the structure factor, p is the multiplicity factor, 0 is the Bragg 
angle, e-2M is the temperature factor, and µ is the linear absorption coefficient. 




the diffracted intensity can be given by 
(8-8) 
where K2 is a constant independent of the diffracting substance, and R is dependent on 
the Bragg diffraction angle, diffraction plane, and the kind of substance. Hence, the 
fraction of HCP phase, CHcP, and FCC phase, CFCc, can be calculated from Equation (8-
9). 
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I HCP RHCPC HCP ---
I FCC RFCCC FCC 
and (8-9) 
CHCP +CFCC = 1 
The calculated volume fraction of the HCP phase, and the ratio of the relative integrated 
intensities of ( 10 I 1) peak of the HCP phase and (200) peak of the FCC phase are shown 
in Figure 8-8. The estimated volume fraction of the HCP phase, which is presented in the 
low-cycle fatigued specimens, increased as the applied total strain range increased. For 
the low-cycle fatigue tested specimen with an applied total strain range of 0.4%, the 
volume fraction of the HCP phase was zero, and the volume fraction of the HCP phase 
increased to 54% when the applied total strain range was 2.5%. Similarly, the intensity 
ratio, 1<10.1/Ic200>, which is the ratio of the intensity of the HCP (10.1) diffraction peak to 
that of the FCC (200) peak, increased when the applied total strain range increased. 
During the low-cycle fatigue tests of ULTIMET alloy, the amount of formed deformation 
bands, as shown in Figure 8-9, increased greatly. In Figure 8-9(a), the deformation bands 
formed a crisscross network. In Figure 8-9(b ), the deformation bands in one grain 
triggered deformation bands in the other grain. It can be seen from Figure 8-9 that the 
twin boundary was not an effective barrier for the deformation bands, and the 
deformation bands formed a network structure. 
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600°C 
For Haynes alloy 25, a cobalt-based superalloy with a nominal chemical composition of 
Co-10Ni-20Cr-15W, similar to ULTIMET alloy, heat treated at 1,205 °C for 15 minutes 
followed by rapid air cooling, the matrix was an FCC solid solution. After aging at 760 
°C for about 48 and 500 hours, the FCC to HCP phase transformation was observed in 
both conditionsP51 Since ULTIMET alloy had a nickel content of 9%, which was similar 
to that of Haynes alloy 25, ULITMET alloy was susceptible to the FCC to HCP phase 
transformation. X-ray diffraction structural analysis was conducted by a high-temperature 
x-ray diffractometer to investigate if the FCC to HCP phase transformation could be 
induced by aging at an intermediate temperature, 600 °C. 
High-temperature x-ray diffraction measurements were conducted for ULTIMET alloy at 
a temperature of 600 °C for about 18 hours, in which, normally, a low-cycle fatigue test 
could be finished. No phase transformation was observed, as shown in Figure 8-10. This 
observation also indicated that the FCC to HCP phase transformation is very sluggish. 
Due to the high-temperature dilation, diffraction peaks of the FCC phase at 600 °C 
shifted, as compared to those at room temperature. 
The HCP phase formation during a low-cycle fatigue test with an applied total strain 
range of 1.5% is shown in Figure 8-11. As presented in Figure 8-11, there was no HCP 
phase formed after fatigue cycles of 0, 1, 10, 100, and 1,000. However, the FCC to HCP 
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phase transformation was observed at fatigue cycle of 10,000. The intensity ratio, 
Ioo.1/Iczcx)), which is the ratio of the intensity of the HCP (10.1) diffraction peak to that of 
the FCC (200) peak, indicated that for low-cycle fatigue tested at 600 °C for 10,000 
cycles, about 14 hours, there was a significant amount of the HCP phase formed. As 
shown in Figure 8-12, the transformed HCP phase formed a crisscross network. 
900°c 
At 900 °C, the stable phase has an FCC structure. There was no phase transformation 
observed during low-cycle fatigue test, as shown in Figure 8-13. In Figure 8-13, with an 
applied total strain range of 1.5%, at 21 and 600 °C, there was an extra (1011) 
diffraction peak owing to the HCP phase formed, as compared to the specimen in the as-
received condition, but at 900 °C, only the characteristic FCC diffraction peaks, resulting 
from the (111) and (200) planes in the FCC phase, were exhibited. 
Since only the FCC structure existed in the ULTIMET alloy at 900 °C, the dominant 
mechanisms control the fatigue damage process were the formation of FCC twins and 
particles at grain boundaries, as shown in Figures 8-14 and 8-15, respectively. As shown 
in Figure 8-14(a), the formed crisscross network was composed of FCC twins, as 
indicated by the diffraction pattern in 8-14(b). The particles formed during a fatigue test 
at 900 °C were mainly distributed at grain boundaries, as shown in Figure 8-15(a). 
Energy dispersive spectrometer (EDS) analyses from the regions noted in Figure 8-15(a) 
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are presented in Figures 8-15(b) and (c) for the matrix and particle, respectively. [Note 
that the light elements (e.g., carbon) were not detected. The Cu peaks were from the Cu 
grid holding the TEM specimen.] The spectrum from the matrix, Figure 8-15(b) was 
consistent with the composition of the alloy, i.e., it was rich in Co, with Cr, Ni, and Mo 
detected. The particles were rich in Cr, with Co, Ni, and Mo present, and in agreement 
with an M2JC6 carbide containing 77 % (atom percentage) Cr, 15 % Co, and 8 % MoY 251 . 
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4. Conclusions 
1. The low-cycle fatigue life of ULTIMET alloy was affected by the test temperature and 
total strain range. In general, the material possessed the longest fatigue life at 600 °C, and 
the shortest fatigue life at 900 °C, and an intermediate fatigue life at 21 °C. 
2. The evolution of peak stresses during low-cycle fatigue was strongly related to the test 
temperature. At 21 °C, the material initially hardened and then softened moderately. At 
600 °C, the alloy initially hardened, and then stabilized for a short period, followed by 
extensive hardening until the onset of macrocrack initiation and propagation. At 900 °C, 
the material experienced significant hardening until the onset of macrocrack. 
3. At both 21 and 600 °C, the fatigue crack initiation and propagation modes are 
transgranular, and can be categorized as typical stage I crack initiation, and stage II crack 
propagation. At 900 °C, the alloy experienced moderate oxidation. At the applied total 
strain ranges smaller than 1.5%, the crack initiation and propagation modes were similar 
to those at lower temperatures. However, at the applied total strain ranges not smaller 
than 1.5%, the crack was found to initiate intergranularly, and propagated with a mixed 
mode of intergranular and transgranular fracture. 
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4. At both 21 and 600 °C, during a fatigue test, the plastic-strain induced FCC to HCP 
phase transformation was observed. The crisscross network of the transformed HCP 
phase was the dominant mechanism for the low-cycle fatigue at 21 and 600 °C. At 900 
°C, no phase transfonnation was observed. The dominant fatigue damage mechanisms 




LOW-CYCLE FATIGUE: THEORETICAL MODELING 
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1. Introduction 
As the design requirements of gas turbine engines were directed toward higher and higher 
operating temperatures, the accurate modeling of the mechanical behavior of superalloys 
become increasingly important. Rate-dependent plasticity and creep are major concerns 
in the analysis of the materials subjected to cyclic fatigue at elevated temperatures. In 
recent years, there has been a substantial development of so-called "Unified Theories", in 
which the irreversible process, such as inelastic behavior and damage, are represented by 
a set of internal variables.[511 In those theories, all mechanisms of the inelastic 
deformation were represented with a single kinetic equation that defines the inelastic 
strain rate, i P _P 121 One of the key ingredients for the inelastic structural analysis is the 
implementation of an accurate and reliable constitutive relation describing material 
behavior. The constitutive theory developed by Bonder and Partom often was utilized to 
characterize the constitutive response of high temperature alloys, and was successful. [l09-
114J 
It is well known that a material changes its temperature because of the mechanical 
deformation. [S5-95l In materials subjected to cyclic loading, the temperature evolution is 
complicated by the accompanying inelastic deformation, dynamic loading, and heat 
dissipation. However, the dissipated mechanical energy can be characterized by 
hysteresis effects. Most of the energy manifests itself as heat. The generated heat is 
mainly removed from the material by conductive, convective, and radiative heat transfer. 
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With the advances in thermodynamics and inelasticity theories, the framework for a 
constitutive model was constructed to characterize the stress, strain, and temperature 
responses for materials subjected to cyclic fatigue. Although the intended inelasticity 
theories differed in the choice of hardening variables, as internal state variables, they can 
be adapted into a thermodynamics-based framework for the derivation of thermal-
mechanical coupling effects. In the present study, detailed temperature variations during 
low-cycle fatigue were obtained by a state-of-the-art IR thermography system. Based on 
the thermodynamics with internal-state variables originally reported by Coleman and 
Gurtin, 1981 a one-dimensional form of the constitutive model, based on the constitutive 
equations developed by Bonder and Partom, was formulated to predict the thermal-
mechanical behavior ofULITMET alloy subjected to low-cycle fatigue. 
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2. Temperature Evolution 
Temperature Profile during Low-Cycle Fatigue ofULTIMET Alloy 
The IR thermography system was capable of taking high-resolution 256 x 256 pixels per 
picture at a frequency of 150 Hz. It had a high spatial resolution of 5.4 mm per pixel with 
a microscope attachment, and a great temperature sensitivity of 0.015 °C at 23 °C. In the 
present study, the IR camera was kept at a relatively constant distance of about 20 cm 
from the specimen in order to monitor the whole gage section of the specimen and the 
shoulder area connecting the grip and gage sections. The spatial resolution was about 
0.149 mm. 
Due to the specimen geometry, as shown in Figure 3-4, the stress was concentrated at the 
specimen-gage section, and the heat generated in the material was mainly conducted 
through the axial direction of the specimen. The highest temperature was always located 
at the midpoint of the surface of the specimen-gage section. In what follows, the midpoint 
temperature was taken as an average temperature over a 10 x 10 pixels domain around 
the midpoint of the specimen-gage section. The area of 10 x 10 pixels represented 1.49 
mm x 1.49 mm of real dimension. A thermocouple attached on the back face of the 
specimen was used for temperature calibration and monitoring approximate temperature 
variations. 
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Figure 9-1 shows the mean temperature, which was the average temperature of each 
cycle, versus fatigue cycles at the midpoint of the gage section during fatigue tests at an 
applied total strain range of 1.5%. The low-cycle fatigue experiments were conducted at a 
frequency of 0.15 Hz, and the IR camera was run at a frequency of 0.15 Hz, i.e., one full-
frame image every cycle. At the applied total strain range of 1.5%, the mean temperature 
initially rose from room temperature, 24 °C, at the beginning, to 57 °Cat 160 cycle. The 
mean temperature stabilized at a steady state of around 57 °C from 160 cycles to 1,890 
cycles. Then, the mean temperature decreased continuously until the specimen failed at a 
mean temperature of 24 °C. In contrast to the three-stage low-cycle fatigue temperature 
evolution, i.e., the initial increase, steady state, and final decrease, the mean temperature 
evolution during high-cycle fatigue of UL TIMET superalloy at 20 Hz underwent four 
stages, including an initial increase, a steady state, an abrupt increase, and a final drop. 
The thermal and mechanical responses of UL TIMET superalloy are summarized in 
Figure 9-1, which includes both the mean temperature and peak stress evolution of the 
material during low-cycle fatigue under strain-control with an applied total strain range of 
1.5%. The peak stress followed a similar trend as the mean temperature. With the 
illustration of stress-strain curves at different cycles, as shown in Figure 9-2, the 
hysteresis energy caused temperature evolution could be readily interpreted. 
Initially, the peak stress increased and decreased due to the cyclic hardening and 
softening. As shown in Figure 9-2, the stress-strain curves of 2nd, 201\ and 100th cycles 
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were change drastically. The area under the hysteresis loop of each cycle was the energy 
density generated. In this stage, although the stress-strain curves were not stable, the 
increase in temperature was associated with the hysteresis effect, because the energy 
density generated was greater than the heat transferred out of the specimen. In the second 
stage, the peak stress remained essentially constant, i.e. the cyclic stress and strain 
responses were stabilized. As shown in Figure 9-2, the stress-strain curves of 100th and 
l ,800th cycles did not vary significantly. The balance between the hysteresis energy and 
heat dissipation resulted in a steady-state mean temperature. In the third stage, 
macrocraks formed resulted in a drastic loss of the peak stress, most of the strain was 
located in the front of macrocraks, and the hysteresis energy decreased. As shwon in 
Figure 9-2, the area of the stress-strain curve of 1,9001h cycle was smaller than that of the 
1,800th cycle, i.e., the energy density generated was decreased. In this stage, because of 
the less heat generated due to hysteresis effect, the temperature dropped significantly 
until the failure of the specimen. 
Temperature Oscillation during Each Fatigue Cycle 
Throughout the experiments, the temperature of the specimen was recorded by the IR 
thermography system, and the stress-strain responses were documented by the MTS 
system. Figure 9-3 shows the first 5 cycles of a low-cycle fatigue test with an applied 
total strain range of 2.5%. Initially, the stress elastically increased along with the strain. 
After the stress reached about 590 MPa in the first cycle, the stress plastically increased 
along with the strain until the strain reached the maximum level, 1.25%. After that, the 
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stress elastically decreased until the compressive stress applied. Then, the stress 
plastically decreased until the strain reached the minimum level, -1.25%. When the strain 
started to bounce back from the minimum level, the stress elastically increased until it 
slightly turned into a tension stress. Again, the stress plastically increased along with the 
strain until the strain returned to 0%, and completed the first cycle. 
Initially, the ULTIMET alloy hardened, and the stress-strain curves of the second to fifth 
cycles did not show significant change. After the first cycle, the stress-strain curve 
crisscrossed with the elastic and plastic deformation. From the stress-strain curves shown 
in Figure 9-3, except first cycle, there were two elastic ranges for each cycle, in terms of 
linear stress-strain behavior. One was when the stress decreased from 600 to O MPa, and 
corresponding strain decreased from 1.25 to 0.9%. The other was when the stress 
increased from -650 to 200 MPa, and corresponding strain increased from -1.25 to -
0.8%. In addition, there were tow plastic ranges for each cycle, in terms of nonlinear 
stress-strain behavior. One was when the stress increased from 200 to 600 MPa, and 
corresponding strain increased form -0.8 to 1.25%. The other was when the stress 
decreased from O to -650 MPa, and corresponding strain decreased from 0.9 to -1.25%. 
The low-cycle fatigue test, as shown in Figure 9-3, was under strain control with a 
triangular waveform, as shown in Figure 9-4(a). The corresponding evolution of stress 
and temperature within each fatigue cycle during initial five cycles are presented in 
Figures 9-4(b) and (c). The low-cycle fatigue test was conducted at a frequency of 0.15 
Hz, and the temperature evolution in Figure 9-4( c) was measured at a high IR camera 
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speed of 2.1 Hz. Thus, for each fatigue cycle, about 14 data points of temperature 
evolution were obtained. 
When the load was initially applied on the specimen, the strain was in the elastic range 
for which Hooke's law applied, and the stress or strain-temperature relation can be 
described by Equation (5-2), i.e., the temperature changes were negatively proportional to 
the stress or strain variations. At the initial stress-free stage, the temperature was 26.09 
°C, but the temperature dropped to 25.69 °C when the stress increased from 0 MPa to the 
yield stress level, 586 MPa, owing to the thermoelastic effect. 
After the stress reached beyond the yield strength level of 586 MPa, the temperature 
started to increase because of the heat dissipation due to the irreversible plastic 
deformation. When the stress elastically decreased from the maximum level, 660 MPa, to 
0 MPa, the temperature continued to increase because of the thermoelastic effect. When 
the stress turned into compressive direction, the temperature increase extended because of 
the plastic deformation until the stress reached the minimum stress level, -650 MPa. 
When the stress elastically increased from -650 MPa to 200 MPa, the temperature 
decreased due to thermoelastic effect. After the stress went over 200 MPa, the 
temperature increased again because of the plastic deformation. 
For subsequent cycles, the strain and temperature responses repeated, and the mean 
temperature continuously increased. As indicated by the dashed line in Figure 9-4, the 
lowest temperature of each cycle corresponded to the tension yield stress level of each 
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cycle, i.e., 586 MPa for the first cycle and 200 MPa for the rest of fatigue cycles. Starting 
from the lowest temperature of each cycle, there were three different mechanisms causing 
the temperature increase: (a) the temperature increase between the dashed line and dotted 
line was due to the plastic deformation in tension; (b) the temperature increase between 
the dashed line and dash-dotted line resulted from the thermoelastic effect; and ( c) the 
temperature increase between the dash-dotted line and solid line was owing to the plastic 
deformation in compression. Another interesting observation is that the highest 
temperature of each cycle was coincident with the lowest stress level of each cycle, as 
indicated by the solid line in Figure 9-4. Thus, in the low-cycle fatigue process, the 
thermoelastic effect caused the temperature to oscillate, and the irreversible inelastic 
deformation caused the mean temperature to increase. 
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3. Model Development 
Thermodynamics 
The present model is restricted to the consideration of an isotropic cylindrical bar, which 
is subjected to a homogeneously applied uniaxial infinitesimal deformation field. Only 
thermal and mechanical properties of materials are considered, and magnetic, electric, 
and other factors are neglected. Most of all, the inelastic deformation behavior is 
described by a set of internal state variables. All the mechanical, thermodynamic, and 
internal state variables are referred to a one-dimensional system with axis, x. As usual, 
the time is designated as t. Thus, all the state variables described herein are functions of x 
and t. 
The present state of the bar is characterized by the independent observable state variables, 
including a total strain, E, absolute temperature, T, temperature gradient, VT, and 
internal state variables, a.;, where i is the number of internal variables ranging from 1 to n. 




The state of the bar must satisfy the thermodynamic laws, i.e., the conservation of energy, 
and second law of thermodynamics. As discussed in PART 6, the coupled heat transfer 
equation could be written as 
BH . a2 H . a2 H . a2 H · 82T p 
p-a. -pT--a. -pT--s-pT--T-k-+h-(T-T) 
Ba; 1 aa;BT I awT BT 2 ax2 A r 
+ p GFs(T 4 -T,4) = 0 
A 
(9-2) 
where ( •) = !!._( ) , p is the mass density, H is the Helmholtz free energy per unit mass, h 
dt 
is heat transfer coefficient, p is the circumference of the cylindrical bar, A is the cross 
area of the cylindrical bar, Tr is the temperature of environment, G is the geometric factor 
between the specimen and surroundings, F (<1) is the factor termed the emissivity, ands 
is the Stefan-Boltzmann constant. Since there is no internal heat source (other than 
material plastic energy dissipation), r is equal to O as compared to Equation ( 6-18). 
Constitutive Model 
Unified theories contained time and temperature dependent constitutive equations that 
described elastic and inelastic behavior of materials subjected to thermal and mechanical 
loads. In these theories, all mechanisms of inelastic deformation were represented with 
kinetic equations that defined the inelastic strain rate, a;. The three basic elements that 
comprise the Bonder-Partom unified model were: (a) a flow law relating the inelastic 
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strain rate to deviatoric stresses, (b) a kinetic equation that relates the inelastic strain rate 
to stress invariant through a function of temperature and internal state variables, and ( c) 
evolution equations defining the growth of internal state variables.f 1121 The internal state 
variables represented resistance to inelastic deformation. 
The internal state variable, a 1, can be represented by the kinetic equationl109-1141 
(9-3) 
where D0, and n are experimentally obtained material constants, and Z is a measure of the 
strain hardening, which is a function of the plastic work. Z is composed of isotropic and 
kinematic hardening, 
Z=Z'+z 0 (9-4) 
Where Z1 is the isotropic variable and z0 is the directional hardening variable. The 
evolution equations for the isotropic and the directional hardening variables without 




Where, m1, m2, m3, Z1, Z2, and Zo are material constants. m1, m2, m3, Z1, and Z2 are strain 
rate and temperature independent for material modeling purpose. 20 is strain-rate 
independent, but temperature dependent. In addition, the plastic work, W p, is determined 
by 
(9-7) 
Additional Constitutive Assumptions 
With the consideration of thermal expansion and plastic strain, a.1, the elastic strain can 
be described as 
(9-8) 
where a is the coefficient of thermal expansion in the x direction; ~ T is the temperature 
difference between the current temperature, T, and the initial temperature, To, at the 
strain-free state, ~T = T-To. Herein, the inelastic strain is composed of the plastic strain, 
and thermal expansion, i.e., &1 = a, + a"!J..T. 
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With the above development of constitutive equations, Equations (9-3) to (9-8), and a 
proper description of the Helmholtz free energy function, the evolution of Equation (9-2) 
could be resolved. Following Allen's postulation,l651 the Helmholtz free energy is 
expanded in the form of Taylor's series in terms of the elastic strain and temperature as 
H - H E 2 C,, AT2 - +-& --u 
0 2p E 2T 
(9-9) 
where Ho is the free energy in the initial state, a constant, and E is the elastic modulus. 
The specific heat at a constant volume, Cv, is 
C =-Ta2H 
V ar2 (9-10) 
Note that in Equation (9-9), although the first-order terms have been neglected, the 
coupling among the total strain, inelastic strain, and temperature is retained. 1651 Note also 
that the energy dissipation due to microstructural changes has been neglected in the free-
energy equation (9-9), because this mechanism was shown to contribute only a small 
portion of energy to the dissipation process.165•841 Further, the fracture energy loss 
resulting from the microvoid growth and transgranular macrofracture is neglected. 
Substitution of Equations (9-8) and (9-9) into the energy balance equation (9-2) results in 
the coupled heat-transfer formula: 
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where the terms in the first bracket arise due to the inelastic response, and the terms in the 
second bracket are the classical thermoelastic coupling terms for an adiabatic 
condition. l79l The stress-strain relation was in the form of 
(9-12) 
The temperature and stress-strain response of the uniaxial bar subjected to uniaxial 
homogeneous low-cycle fatigue loading can be characterized using Equations (9-11) and 
(9-12) together with the constitutive equations (9-3) to (9-8). 
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4. Numerical Simulation and Discussion 
Material and Model Constants 
In order to implement the formulated model to predict the thermal and mechanical 
responses of the low-cycle fatigue of the material, the material constants of the 
ULTIMET alloy were obtained from the product brochure, which are shown in Table 9-
1 Y21 Note that the specific heat at a constant volume is chosen as the value of the specific 
heat at a constant pressure. 
Methods to obtain the material parameters for the Bonder-Partom's constitutive 
equations, Zo, Z1, Z2 Do, n, m1, m2, and m3, have been discussed previously by various 
authors.P 09-1141 The method by Chan et a1.P 10-1111 was used herein. Following the 
procedure as described in PART 6, the parameters obtained are presented in Table 9-2. It 
can be seen from Table 9-2, some modeling parameters, such as Z1, Z2 Do, m1, m2, and 
m3, were temperature independent, and some others, such as Zo and n, were temperature 
dependent. 
Figure 9-5 shows the experimental monotonic tensile cr-E curves, and those generated by 
the constitutive model with the above material parameters at different temperatures. At 
21 °C, with the strain rate of O.OO1/sec., the experimental stress-strain curve of 
ULTIMET superalloy showed that the material was initially elastically deformed, then 
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yielded and plastically deformed. At 600 and 900 °C, with the strain rates of 0.004/sec. 
the yield stresses were drastically decreased as compared to that at 21 °C. However, 
strain-hardening behavior shown in the experimental curve was not significantly 
different. The good agreement of the experimental and predicted results at various 
temperatures in Figure 9-5 confirmed the ability of the model to simulate the thermal-
mechanical coupling effects. 
Stress-Strain Responses During Low-Cycle Fatigue 
The stress-strain responses of UL TIMET alloy during low-cycle fatigue at 21, 600, and 
900°C were exhibited in Figures 9-6, 9-7, and 9-8, respectively. At 21 °C, as shown in 
Figure 9-6, the experimental stress-strain curves with both total strain ranges of 1.0 and 
1.5% showed slight cyclic hardening during the first 10 cycles. At 600 °C, as shown in 
Figure 9-7, the experimental stress-strain curves showed a serrated flow, besides the 
cyclic hardening behavior. The serrated flow became more severe at a higher applied 
total strain range, i.e., 1.5%, as compared to that of 1.0% total applied strain range. The 
hardening rate at 600 °C was much greater than that at 21 °C. The hardening behavior 
and serrated flow might be caused by the interaction of dislocations and the formation of 
FCC twins and HCP phase, as described in PART 8. Similar to the stress-strain response 
at 600 °C, at 900 °C, there was a serrated flow in the plastic deformation range. The 
hardening rate at 900 °C was the greatest among those at 21, 600, and 900 °C. At 900 °C, 
the hardening behavior and serrated flow were caused by the interaction of dislocations 
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and the formation of FCC twins and precipitation, e.g., carbide and nitride, as described 
in PART 8. 
The predicted stress-strain curves at 21, 600, and 900 °C were shown in Figures 9-6 to 9-
8, as compared to the experimental results. It can be seen that the predicted stress-strain 
responses were in good agreement with the experimental ones. 
Temperature Evolution 
To illustrate the temperature rise resulting from the stress-strain behavior during a low-
cycle fatigue test, an example is considered for a round bar subjected to low-cycle fatigue 
with an applied total strain range of 2.5%, R ratio of -1, and a reference temperature at 
26.09 °C, the same as the initial temperature of the specimen and the temperature of the 
environment. The stress-strain and thermal responses for the described condition can be 
obtained through the integration of Equations (9-3) to (9-12). The numerical simulation is 
fulfilled using a numerical integration scheme. The inputs of the model require the 
applied strain during fatigue, Figure 9-4(a), the material constants, E, a , p, Cv, rt, h, R, 
G, F, ands, and the parameters, Zo, Z1, Z2, D0, m1, m2, m3, and n, as shown in Tables 9-1 
and 9-2 for room temperature, 21 °C. 
The experimental and predicted temperature oscillations of the ULTIMET alloy at the 
initial stage of low-cycle fatigue are shown in Figure 9-9. It can be seen from Figure 9-9 
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that the predicted results, with the consideration of different heat-transfer mechanisms, 
such as conduction, convection and radiation, were in good agreement with experimental 
results. The difference between the predicted results with and without the consideration 
of heat convection and radiation was small, about 4 °C. It can also be noted that the 
predicted temperature were slightly higher than the experimental results. 
The experimental and predicted cyclic stress-strain curves are shown in Figure 9-10. It 
can be seen that the UL TIMET alloy slightly experienced cyclic hardening, and 
eventually the stress-strain stabilized as shown in Figure 9-10. The predicted and 
experimental cyclic stress-strain curves are in reasonably good agreement. However, the 
area of the stress-strain curve, which is the hysteresis energy, of the predicted one was 
greater than that of the experimental one. This over prediction was the reason for the over 
prediction in temperature response. Once the experimentally measured stress-strain data 
were used, the prediction of temperature was in good agreement with the experimental 
one, as shown in Figure 9-8. 
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5. Conclusions 
1. The temperature evolution during low-cycle fatigue process of ULTIMET superalloy 
could be generally divided into three stages. Initially, the temperature increased due to 
the hysteresis energy dissipated during each fatigue cycle. The steady-state temperature 
resulted from the balance of heat dissipation and the hysteresis energy associated with the 
stabilized state of stress-strain responses. Finally, the temperature dropped until the 
failure of the specimen owing to the fact that macrocracks formed and most of the plastic 
strain was concentrated on the front of macrocracks, the energy density generated was 
decreased. 
2. Similar to high-cycle fatigue, in the low-fatigue process, the thermoelastic effect 
caused the temperature to oscillate, and the irreversible inelastic deformation caused the 
mean temperature to increase. 
3. Based on the framework of the thermodynamic and mechanical coupling equation, a 
constitutive model was formulated for predicting the mechanical and thermal responses 
in a uniaxial bar of UL TIMET alloy subjected to low-cycle fatigue. The predicted and 
experimental results of temperature and stress-strain responses were in good agreement at 
room temperature. The introduction of Bonder and Partom's constitutive equations as an 
internal state variable was capable of characterizing the plastic deformation during low-
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cycle fatigue at various temperatures. The predicted stress-strain responses at 21, 600, 






The strain-energy based approach for the fatigue-life prediction seems promising, since 
fatigue of materials, as a complicated process of gradual accumulation of damage, is 
mainly controlled by the amplitude of the plastic deformation.r411 It is well known that the 
stored energy is generally only a small portion of the energy dissipated during fatigue. (82-
841 Even during the fatigue-crack-propagation process, the stored energy, which is the 
integration of the increase of internal energy over all the elements in the plastic zone, is 
very small, compared with the dissipation of mechanical energy, which can be measured 
from the stress-strain hysteresis loop. (83-841 Especially, at high cyclic stresses, plastic 
strain is the predominant cause of energy dissipation. Because the dissipated strain 
energy is closely related to the fatigue process, various methods have been attempted to 
predict the fatigue life of materials based on the plastic strain energy as a criterion of 
fatigue damage. 
In materials undergoing cyclic loading, most of the dissipated energy due to the 
hysteresis effects manifests itself as heat, and the heat is removed from the material by 
conductive, convective, and radiative heat transfer. During a fatigue test, the temperature 
rise can be surprisingly high. In the present study, the temperature evolution during cyclic 
fatigue was utilized to study the fatigue damage processes. 
196 
An infrared (IR) imaging system was employed to monitor the strain-controlled low-
cycle fatigue tests. Temperature maps during different stages of the fatigue process were 
developed. Temperature evolution during fatigue was recorded by high-speed IR imaging 
and compared with the calculated values based on the hysteresis effect and heat 
conduction. In addition, the temperature increase of the specimen from the initial to the 
equilibrium stages was used as an index to predict fatigue life of superalloys. The fatigue 
life prediction of the present model based on the strain-energy consideration and heat 
conduction was in good agreement with the experimental results. 
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2. Total Plastic Strain Energy Density as a Criterion for Fatigue Damage 
For the low-cycle fatigue at room temperature, ULTIMET alloy showed mixed hardening 
and softening for all the applied total strain range tested, as shown in Figure 8-2(a). 
However, the change of the peak stresses during the fatigue test was not great. It is 
reasonable to consider the half-life cycle possesses the stable cyclic stress-strain curve. 
By connecting the tips of the half-life cyclic stress-strain curves for all tested total strain 
range, the cyclic stress-strain curve can be obtained, as shown in Figure 10-l(a). 
Particularly, the relationship of the cyclic stress and plastic strain, as presented in Figure 
10-1 (b ), can be expressed mathematically by a power function as[421 




where n' is the cyclic strain hardening exponent, H' is a material constant. For the cyclic 
stress-strain curve shown in Figure 6, n' is equal to 0.1023, H' is 1,022.9. 
By adding the elastic strain amplitude expressed by Hooke's law, the cyclic stress-strain 
curve could be expressed as 
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(10-2) 
It has been found that an individual hysteresis loop, e.g., the one shown in Figure 10-2, 
can be mathematically represented quite accurately by a power function. The plastic 








where n is the cyclic plastic strain hardening coefficient, which is a constant and can be 
determined experimentally. 
The dissipated plastic strain energy density of the stable cycle, /:l W, which is the area of 
the loop in Figure 10-2, can be represented by the area of a rectangle, 2crai:lEp, minus the 
two small areas between the loop and rectangle. 
ra., 
l:l W = 2a a i:l& p - 2 1 & pm d a css (10-4) 
Substituting Equation (10-3) into Equation (10-4), it gives 
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(10-5) 
Subsequently, n can be determined from Equation (10-5), e.g., for the hysteresis loop in 
Figure 10-2, n is equal to 0.1658. 
Substituting Equation (10-1) into equation (10-5) gives 
( )( /). )n'+I t:.W = 4H' ~:: ; P (10-6) 
The total plastic strain energy density, Wi, was used as an important criterion to measure 
the fatigue damage. The total plastic strain energy density can be expressed as142•1261 
(10-7) 
First, we assumed that the total plastic strain energy density, which is dissipated during 
fatigue, is proportional to the crack length. The crack length is inversely related to the 
square of stress amplitude. That is to say, 
(10-8) 
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Where W11 and W12 are the total plastic strain energy density at the applied total strain 
ranges of levels 1 and 2, L I and L2 are the correspondent crack lengths, and crI and cr2 are 
the correspondent stress amplitudes. 
This is typically true for different materials, i.e., the total plastic strain energy density is 
inversely proportional to the square of the stress amplitude. If the stress amplitude is 
plotted against the total plastic strain energy density on a logarithmic scale, a linear 
relationship between them with a slope of approximately 2 was obtained. As shown in 
Figure 10-3, the distribution of the exponent, which is the slope of the stress amplitude 
and total plastic strain energy density on the logarithmic scale, exhibited that most of 
them fall between 1 and 3. The data of Figure 10-3 were obtained from the compilation 
of Harford11271, and they were also shown in Table 10-1. 
From Equation (10-8), the product of the total plastic strain energy density and the square 
of the stress amplitude are constant for a material tested at different applied total strain 
ranges. Combining Equations (10-4) to (10-8), the plastic strain amplitude and fatigue life 
relation is obtained as 
[ 
2 ]I i(3n'+l) 
/).&p = W,ua (l+n) x(2N r]/(3n'+I) 
2 2H' 1-n 1 
(10-9) 
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Substitution Equation (10-1) into Equation ( 10-9), the relationship between the stress 
amplitude and fatigue life is 
Let 
[ 
2 ]n' /(3n'+l) 
a- = H' Wta-a (1 + n) X (2N rn'/(3n'+l) 
a 2H' 1-n 1 
C [





Dividing Equation ( 10-10) by Elastic Modulus and adding Equation ( 10-9), the total 
strain amplitude, '1.E/2, as a function of fatigue life is obtained as 
11& = H' Constn' (2N f )-n'l(3n'+l) + Const(2N f )-l/(3n'+l) 
2 E 
(10-12) 
As companng Equation (10-12) with the Coffin-Manson Equation, Equation (8-1) 
described in PART 8, the following results are obtained 
(10-13) 
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61 = [W,a/ (~)]l/(3n'+J) 










From Equations (10-13) and (10-16), it can be shown that 
(10-17) 
It can also be found from Equations ( 10-13) and ( 10-17) that the fatigue strength 
coefficient, a~, and fatigue ductility coefficient, &~ , are related to the plastic strain 
energy during cyclic fatigue, and are materials constants as well. 
From Equations ( 10-11) and ( 10-12), the following relationship between the fatigue 






In addition, b and c are only dependent on the cyclic strain hardening coefficient, n' 
It is important to point out that based on the above discussion, the whole low-cycle 
fatigue strain-life curve can be predicted based on: (a) the cyclic stress-strain curve, from 
which the cyclic strain hardening coefficient, n', can be determined; and (b) a completed 
fatigue test at a certain applied total strain range, from which the constants in Equation 
(10-12) can be obtained. 
The parameters for equations, which were obtained from the low-cycle fatigue tests at 21 
°C, are list below 
n = 0.1658 
n' = 0.1023 
H' = 1,022.9 MPa 
E = 238,000 MPa 
W1 = 50,058 MPa [calculation is based on Equation (10-7) for a total strain range of 
1.5%, i.e., the production of the dissipated energy density at a half life cycle times the 
number of cycles to fracture] 
Then, the total strain amplitude, llr./2, as a function of fatigue life for ULTIMET alloy 
tested at 21 °C is obtained as 
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(10-19) 
The predicted fatigue life curves based on Equation (10-19) and the Coffin-Manson 
Equation (8-2), are shown in Figure 10-4. It can be seen from Figure 10-4 that the fatigue 
life predicted by Equation (10-19) is in good agreement with the actual fatigue life and 
that calculated from the Coffin-Manson Equation (8-2). 
Similarly, the parameters required for the fatigue life prediction at various temperatures 
were shown in Table 10-2, as obtained by the method described above. Then, the total 
strain amplitude, 6.E/2, as a function of fatigue life for ULTIMET alloy tested at 600 °C is 
obtained as 
6.& = 0.006105 x c2N I r 0·0973 + 4.6558 x c2N I r 0·10s0 
2 
and at 900 °C is obtained as 




The predicted fatigue life by Equation (10-20) at 600 °C and Equation (I-0-21) at 900 °C, 
as shown in respective Figures I 0-5 and I 0-6, was in good agreement with experimental 
205 
results, and comparable to that predicted by Coffin-Manson Equations (8-3) and (8-4). 
The total plastic strain based fatigue life prediction approach could indeed be universally 
adapted to fatigue life prediction at various temperatures. 
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3. Temperature as an Index for the Fatigue-Life Prediction 
Temperature evolution during strain controlled low-cycle fatigue tests 
Figure 10-7 shows the temperature evolution curves at five different strain levels for 
ULTIMET alloy during the initial cyclic loading. All the curves showed an initial 
increase stage and an equilibrium stage. For ULTIMET alloy, as the applied total strain 
range increased, the temperature at the equilibrium stage was higher. 
In Figure 10-8, the equilibrium temperature increases, ~T, are plotted against the final 
failure cycles, Nr, on a logarithmic scale. A linear relationship was observed, and can be 
expressed by a power law: 
(10-22) 
where a and b are constants determined by curve fitting. Equation (10-22) indicates that 
the number of cycles to final failure can be predicted by measuring the equilibrium 
temperature. For ULTIEMT alloy, low-cycle fatigued at room temperature, the equation 
becomes: 
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l:!..T = 5554(N1 )-o.6723 (10-23) 
Temperature as an Index for the Fatigue-Life Prediction 
Since the increment of the mean temperature of the fatigue specimen was mainly due to 
the energy dissipation of the irreversible deformation, the dissipated energy can be 
equated to a constant heat source uniformly distributed in the gage section of the 
specimen. Because the elastic stress did not contribute to the increment of the mean 
temperature, the elastic stress field in the specimen was neglected. In addition, although 
heat conduction, convection, and radiation played a role in the heat dissipation, the heat 
in the material during a fatigue test was mainly conducted through the material in the 
axial direction. Based on the above rationalization, the energy balance law, for one-
dimensional case, can be converted into 
pC oT(x,t) = k o2T(x,t) + Q 
V ot ox2 
(10-24) 
where Q is the constant heat generation rate, which is equivalent to the integration of the 
dissipated energy density, I:!.. W, over the gage section times the testing frequency, f. The 
heat generation was mainly due to the inelastic deformation, and the midpoint of the gage 
section is regarded as the axis origin, 0. The distance from the axis origin is x, and t is the 
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time of fatigue testing. Solving the heat-conduction Equation (10-24) with the initial and 
boundary conditions as follows: 
(a) initial condition 
TO = room temperature (10-25) 
(b) boundary conditions 
Tlx=±Lc = Room Temperature (10-26) 
where Le is the characteristic length where the temperature is fixed at room temperature. 
The heat generation is assumed uniform within the gage section. The temperature 
variation at the midpoint can be expressed as 
(10-27) 
where Lg is the effective specimen gage length, i is an integer, ex is the thermal 
diffusivity, and f is the frequency of fatigue testing. The predicted temperature profiles 
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based on Equation (10-27)• for ULTIMET alloy are shown in Figures 10-9. The predicted 
temperature increase was in good agreement with the experimental results. 
After the steady state is reached, t > ts (ts is the time at which the mean temperature 
reaches a steady state), for the midpoint of the specimen, x = 0, the temperature 
difference, L\T, between the steady-state mean temperature, Ts, and the mean temperature 
of the initial stress-free stage, To, can be represented as 
L\W* f*(L )2 
L\T = T -T = g 
s o 2k 
(10-28) 
From Equation ( 10-28), it can be seen that when the gage length or testing frequency is 
increased, the steady-state mean temperature will increase. The temperature index, L\T, 
i.e., the temperature change as described by the equation above, can be utilized for the 
fatigue-life prediction. Combining Equations (10-6), (10-9), and (10-28), the resultant 









N = --- ~ Const-o+n')(L\T) 
1 f(Lg ) 2 4H' 1- n 
(10-29) 
• The derivation of Equation ( I 0-27) can be found in APPENDIX. 
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The predicted fatigue life by Equation (10-29) for ULTIMET alloy at room temperature, 
as shown in Figures 10-10, was in good agreement with the experimental results, and 
comparable to that predicted by Coffin-Manson Equation (8-2). 
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4. Conclusions 
1. Using the total plastic strain energy density as a fatigue-damage criterion, a fatigue-life 
prediction model was mathematically derived. The present model was able to predict the 
strain-life curves for ULTIMET at various temperatures. 
2. The increment of the mean temperature during fatigue testing is mainly due to the 
plastic deformation. The predicted temperature evolution, based on the consideration of 
hysteresis energy, is in good agreement with the experimental results. 
3. The temperature evolution can be utilized to characterize the accumulative fatigue 
damage. It is shown that the increment of the mean temperature can be employed to 





The present research was intended to provide both a fundamental scientific understanding 
of fatigue crack initiation and propagation behavior of a cobalt-based alloy with phase-
transformation tendencies, and useful information that could optimize material 
processing, designs, and applications through the mechanistic understanding of the 
microstructural evolution upon mechanical deformation at room and elevated 
temperatures. The understanding, characterization, and prediction on the fatigue behavior 
of ULTIMET alloy are scientifically interesting and technologically important. 
An innovative, fundamental methodology was established to integrate: (a) fatigue studies 
including the high-cycle, low-cycle, and high-frequency fatigue testing, (b) 
microstructural characterizations in light of the optical and electron microscopy, and x-
ray diffraction, and ( c) nondestructive evaluations using the acoustic emission, 
thermography, and positron spectroscopy_[s5-86,99-I06,12s,12s-1331 
The proposed research objectives were fulfilled including the studies of (a) quantifying 
fatigue damage,l85-86·99•101.io4,129,131 -132J (b) identifying the FCC-HCP phase transformation 
during fatigue at room and elevated temperatures,P 02·105·125·126·1301 (c) understanding the 
dominant mechanisms controlling the fatigue behavior at room and elevated 
temperatures,[SS-Sb,99·106·125·128-1331 and (d) developing constitutive models for predicting 
the thermomechanical constitutive behavior and fatigue life of the alloy subjected to 
cyclic loading at room and elevated temperatures.P 01 ·129•132·133l In addition, the availability 
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of fatigue data and understanding of fatigue mechanisms in UL TIMET alloy will 
continue to open up new commercial opportunities for structural and high-temperature 
applications, and provide pertinent information for material designs and processing. 
The present project was the first attempt to systematically study the fatigue behavior of 
ULTIMET alloy, a superior corrosion- and wear-resistant cobalt-based alloy. The phase 
stability of the alloy during fatigue at room and elevated temperatures was established for 
the first time. The hardening mechanisms of ULTIMET alloy at room and elevated 
temperatures were identified and characterized, and their effects on the fatigue 
performance were investigated in detail. Specifically, the fatigue-crack initiation and 
propagation behavior was studied in depth, and the criteria for the onsets of fatigue-crack 
initiation and propagation was provided. 
The present project did not only explore the engineering applications of ULTIMET alloy, 
but also advanced the mechanistic understanding and modeling of the fatigue behavior 
and life prediction. The theoretical modeling of the constitutive behavior of the alloy 
could have great impacts in the engineering and scientific applications in terms of (a) the 
unified theory to predict stress-strain behavior during fatigue at room and elevated 
temperatures, (b) accurate assessment of the durability of the alloy, and ( c) applicability 





The fatigue-damage mechanisms of ULTIMET alloy are complicated by the evolution of 
the dislocation structures, precipitation, and phase transformation. It is crucial to 
determine the characteristic temperatures for the phase transformation, i.e., Ms, As, and 
Md temperatures. In the present study, a high-temperature, pulse-heating calorimeter, 
whereby the specific heat and the electrical resistivity can be measured as a function of 
temperature at controlled heating rates, was used to determine the temperatures of the 
phase transformation of ULTIMET alloy upon heating and cooling. In addition, a 
differential thermal analysis unit, whereby the relative thermal properties and specific 
heat can measured as a function of temperature, was used to determine the phase-
transformation temperatures. However, the FCC to HCP phase transformation was very 
sluggish, as demonstrated by the high-temperature x-ray diffraction structural analyses, 
and the pulse-heating calorimeter and differential thermal analysis were unable to 
determine the phase transformation temperatures upon heating and cooling. In order to 
characterize the kinetics of the phase transformation and precipitation behavior, aging at 
various intermediate temperatures and for different times are necessary. The information 
obtained can be utilized to understand the complex kinetics of the microstructural 
evolution during high-temperature fatigue testing. 
As demonstrated by the x-ray diffraction structural and TEM diffraction analyses, the 
FCC to HCP phase transformation could be induced by cyclic deformation at room 
temperature and an intermediate temperature, 600 °C. At room temperature, for the high-
217 
cycle fatigue, the phase transformation was one of the reasons for the discontinuity in the 
stress-life curve. At the intermediate temperature, 600 °C, for low-cycle fatigue, the 
fatigue life is longer, as compared to those at 21 and 900 °C. The formation of the HCP 
phase was believed to enhance fatigue life by reducing internal strains.18•161 It is crucial to 
provide experimental evidence for the beneficial effects resulting from the FCC to HCP 
phase transformation. In order to investigate the residual strain relaxation due to the 
phase transformation, the residual strain in the fatigued specimens will be examined by 
the neutron diffraction facility at the Oak Ridge National Laboratory. 
The IR thermography technology was successfully utilized to observe the temperature 
evolution and characterize fatigue damage for materials subjected to low and high-cycle 
fatigue. In addition, a constitutive model was developed to predict the temperature 
variations due to cyclic deformation. The present study enhanced the understanding of 
the thermal and mechanical responses during cyclic fatigue testing, and inspired the use 
of temperature as a fatigue characterization parameter. In contrast to the calculation of 
temperature based on the cyclic stress-strain data, it is of interest to investigate the 
dissipated energy based on the temperature measured by IR camera. In the future work, 
methodologies to evaluate the dissipated energy during fatigue by the temperature 
evolution will be established. Moreover, finite element modeling needs to be conducted 
to further study temperature evolutions during fatigue, based on the developed 
constitutive equations. 
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The present work is a good starting point and provides a sound basis for a detailed study 
of mechanical behavior and physical metallurgy of cobalt-based alloys in terms of 
mechanical testing, microstructrual characterization, nondestructive evaluation, fatigue 
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Table 1-1: Nominal Chemical Composition ofULTIMET Alloy (Weight Percent, wt.%). 
Co Cr Ni Mo Fe w Mn Si N C 
26 9 5 3 2 0.8 0.3 0.08 0.06 
Note that a as balance 
240 
Table 2-1: Classification of Alloying Elements in Cobalt-Rich Binary Alloys. 
Enlarged a-field Al B Cu Ti Zr C Sn Nb Mn Fe Ni -- -- --
Restricted a-field Si Ge As Sb Cr Mo w Ta Re Ru Os Rh Ir Pt 
Combined Be Pb V Pd Ga Au -- -- -- -- -- -- -- --
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Table 2-2: Nominal Compositions of Typical Wrought Cobalt-Based Alloys. 
Alloy Composition, weight percent % 
Cr w Mo C Fe Ni Si Mn Others Co 
Wear-Resistant Alloys 
Alloy 6B 30 4 l.5max 1 3max 2.5 0.7 1.4 -- bal. 
Alloy 6K 30 4.5 1.5max 1.6 3max 3"""' 2max 2n1BX -- bal. 
Hie:h-Temperature Alloys 
Alloy 25 20 15 -- 0.1 3max 10 o.4max 1.5 -- bal. 
Alloy 188 22 14 -- 0.1 3max 22 0.35 1.25 0.03 La bal. 
Corrosion and Wear-Resistant Allo vs 
ULTIME 26 2 5 0.06 3 9 0.3 0.8 0.08N bal. 
T 
MP159 19 -- 7 -- 9 25.5 -- -- 3 Ti, 0.6 Nb, bal. 
0.2 Al 
MP35N 20 -- 10 -- -- 35 -- -- -- bal. 
Note that the superscript, max, represents the maximum level of an element content, and 
bal. represents the cobalt content as balanced. 
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Table 2-3: Composition of Alloys and Their Transformation Temperatures. 
Alloy Comoosition ( weight percent % ) Temoerature (K) 
Co Ni Cr Mo Ms Md 
Binary 66.95 33.05 -- -- 140 280 
Alloys 64.8 35.2 -- -- <77 185 
Ternary 65.55 20.1 14.35 -- 370 --
Alloys 60.3 25.2 14.5 -- 77 <Ms <298 --
55.6 30.2 14.2 -- <77 340 
50.4 35.2 14.2 -- <77 <77 
45.1 40.3 14.6 -- <77 <77 
40.3 45.0 14.7 -- <77 <77 
Quaternary 64.8 15.35 14.7 5.15 300 --
Alloys 60.05 19.95 14.7 5.3 77 <Ms <298 --
55.0 25.0 14.8 5.2 <77 430 
50.3 30.0 14.2 5.3 <77 210 
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Table 2-4: The Ms, As, and Md Temperatures for Cobalt-Based Alloys in Table 2-2. 
Alloy Wear-Resistant Alloys High-Temperature Corrosion-Resistant Alloys 
Alloys 
Alloy 6B Alloy6K Alloy 25 Alloy 188 ULTIMET MP159 MP35N 
As (°C) 1237* 1322* 901 672 937 164 459 
Ms (0 C) >25 >25 >25 <25 >25 <25 <25 
Md (0 C) > 25[10•1 /,l4J > 25[10-l /,l4J about 251141 < 25LJ,)J about 25 < 25[lHOJ -l66[1 5·l~J 
Note that the As temperatures were calculated based on Equation (2-2), * indicates that in 
the As calculation, the carbon content was fixed at 0.1 wt% due to a great amount of 
carbide precipitation, the Ms temperatures were estimated according to Table 2-3, the Md 
temperatures were obtained from the literature, and 25 °C is room temperature. 
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Table 2-5: Deleterious Intermetallic Compounds in Cobalt-Based Superalloys. 
Compound Structure 
Co2(Mo, W, Ta, Nb) Hexagonal Laves Phase 
Co2(Mo, W)6 Rhombohedral, Hexagonal µ Phase 
Co2(Ta, Nb, Ti) Cubic Laves Phase 
Co2(Mo, W)3 cr Phase 
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Table 2-6: Phases Present in Haynes Alloy 25. 
Phase Crystal Structure Lattic Parameters, A 
M1C3 Hexagonal (Trigonal) a = 13.98, c = 0.53, c/a = 0.324 
M23C6 FCC a= 10.55 to 10.68 
M6C FCC a = 10.99 to 1 1.02 
Co2W Hexagonal a = 4. 730, c = 7. 700, c/a = 1.628 
a-Co3W Ordered FCC a= 3.569 
J3-Co3W Ordered Hexagonal a = 5.569, c = 4.10, c/1 = 0.802 
Co1W6 Hexagonal (Rhombohedral) a= 4.73, c = 25.5, c/a = 5.39 
Matrix FCC a= 3.569 
Matrix HCP a = 2.524, c = 4.099, c/a = 1.624 
Note that "a" and "c" are the lattice constants, which define a unit cell. 
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Table 3-1: Typical Tensile Data of Solution Heat-Treated Plate Products of ULTIMET 
Alloy. 
Temperature (0 C) Yield Strength (MPa) Tensile Strength (MPa) Elongation (%) 
21 545 1021 36 
93 483 986 40 
204 379 986 61 
316 331 952 70 
427 310 917 70 
538 262 862 70 
649 255 683 66 
760 269 524 70 
871 193 352 77 
982 110 214 100 
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Table 4-1 : Uniform Design Table. 
Experimental No. Factor 1 Factor 2 Factor 3 
(6 levels) (2 levels) (4 levels) 
1 1 1 1 
2 1 2 2 
3 2 1 3 
4 2 2 1 
5 3 1 2 
6 3 2 4 
7 4 I 1 
8 4 2 2 
9 5 1 3 
10 5 2 1 
11 6 1 2 
12 6 2 4 
Discrepancy 0.3316 
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Table 4-2: Experimental Arrangement by the Uniform Design Method. 
Experimental Maximum Stress Level Environment R ratio 
No. (% yield strength) 
1 105% Air 0.05 
2 105% Vacuum 0.3 
3 115% Air 0.5 
4 115% Vacuum 0.05 
5 125% Air 0.3 
6 125% Vacuum 0.7 
7 135% Air 0.05 
8 135% Vacuum 0.3 
9 145% Air 0.5 
10 145% Vacuum 0.05 
11 155% Air 0.3 
12 155% Vacuum 0.7 
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Table 4-3: Analysis of Variance Table Describing the Relationship between the Fatigue 
Life and the Three Factors (Maximum Stress, Environment, and R Ratio). 
Source DF Sum of Squares Mean Square F Value Pr>F 
(l) Maximum Stress l 2.0093 2.0093 1157.03 < 0.0001 
(2) Environment 1 0.8209 0.8209 472.70 < 0.0001 
(3) R Ratio 1 2.25893 2.25893 1491.00 < 0.0001 
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Table 7-1: Comparison of the Experimental and Predicted Temperature Increases, which 
Are the Differences between the Temperature at the Steady-State Stage and Room 
Temperature at 1,000 Hz and 20 Hz. 
Frequency Stress Min. Temp. Max. Temp. Min. Temp- Max. Temp. Experimental 
(Hz) Level Increase Increase1 Increase Increase2 Temperature 
(MPa) (OC) (OC) (OC) (OC) Increase (~C) 
20 645 1.721 5.07 1 1.31 z 4.232 7.80 
20 703 7.07' 20.92' l.89~ 6.11 ~ 16.67 
20 762 9.55 1 28.25 1 3.642 l l.752 24.67 
1,000 528 -- -- 78.77~ 315.09~ 59.01 
Note the superscript 1 represents the data calculated based on the hysteresis loop of the 
stress-strain curve, and the superscript 2 represents the data obtained based on the 
hysteresis loop of the load-displacement curve. The following sketch shows the specimen 
geometry and coordinate system. Le min and Le max are the minimum and maximum Le 
values, as described in the text. 
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Table 8-1: Cobalt-Based Superalloys: Historical Perspective. 
Co-Cr alloys first pattented by Elwood Haynes 
Haynes® alloy 6B 
Stellite alloy 2 l(Vitallium supercharger buckets) 
Stellite alloy 31 (x-40) buckets 
S816 alloy wrought buckets 
Haynes alloy 25 afterburner components 
MAR-M 302 vanes 
Airesist vanes 










Note: Haynes is a registered trademark of Haynes International Inc.; Stellite is a 
registered trademark of Thermadyne, Inc.; MAR-M is a registered trademark of Martin 
Marietta Corp.; Airesist is a registered trademark of Allied Signal Aerospace Co.; and 
Vitallium is a registered trademark of Pfizer Hospital Products Group, Inc. 
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Table 9-1: Material Constants for ULTIMET Alloy at Various Temperatures. 
Material Constants 21 °C 600°C 900 °C 
Young's Modulus, E (MPa) 238,000 219,000 191,000 
Thermal expansion coefficient, a (µm/m0 C) 13.0 14.9 16.5 
Density, p (kg/m3) 8,470 -- --
Specific heat at a constant volume, Cv (J/kgK) 456 -- --
Convection heat transfer coefficient, h (W/m~K) 12.5 -- --
Radius of the cylindrical bar, R (m) 0.00254 -- --
Geometric factor, G 1 -- --
Emissivity, F 1 -- --
Stefan-Boltzmann constant, s (W/m~K4 ) 5.67xl0"8 -- --
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Table 9-2: Model Parameters for ULTIMET Alloy at Various Temperatures. 
Model Parameters 21 °C 600°C 900°c 
Zo(MPa) 1,500 1,400 1,200 
Z1 (MPa) 2,100 2,100 2,100 
Z2 (MPa) 1060 1060 1060 
D0 (sec." 1) 104 10· 104 
n 1.085 0.82 0.77 
m1 (MPa"') 0.15 0.15 0.15 
m2 (MPa- 1) 3.0 3.0 3.0 
m2 (MPa"') 0.2 0.2 0.2 
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Table 10-1: Parameters Obtained for the Strain-Energy Based Fatigue-Life Prediction. 
Materials Description a Modulus (GPa) Slope (log-log) 
Mat7 OFHC copper (annealed) 0.57 117 1.9128 
Mat 13 OFHC copper (cold worked) 0.77 117 4.8576 
Mat 14 OFHC copper (interm. Annealed) 0.74 117 1.2443 
Mat 15 OFHC copper (Annealed) 0.64 117 0.856 
Mat 16 AISI 4130 (RC 26) 0.7 221 2.5246 
Mat 17 AISI 304 (RC 35) 0.82 172 2.3183 
Mat 18 AISI 4340 (RC 44) 0.77 200 4.3495 
Mat 19 AISI 4340 (RC 23) 0.65 193 3.59 
Mat20 AISI 52100 (RC 52) 0.7 207 4.3859 
Mat21 AISI 304 (RC 83) 0.76 186 2.9103 
Mat 22 AISI 4340 (RC 39) 0.74 200 2.5662 
Mat23 AISI 310 (RB 78) 0.55 193 1.8426 
Mat24 Inconel X (RC 34) 0.77 214 4.9771 
Mat25 6 Al-4V titanium (RC 40) 0.82 117 4.7689 
Mat 26 Beryllium (RB 78) 0.67 290 2.2069 
Mat27 AM 350 (RC 51) 0.87 179 2.4061 
Mat28 AM 350 (annealed) 0.82 193 3.9098 
Mat29 1100 alum. (BHN 26) 0.65 69 2.7499 
Mat30 5456-H 311 alum. (RB 56) 0.84 69 5.9964 
Mat 31 2014-T6 alum. (RB 82) 0.86 69 5.0938 
Mat 32 AISI 4130 (RC 48) 0.8 207 1.524 
Mat 33 AISI 521000 (RC 62) 0.8 193 5.1997 
Mat34 5 Al - 2.5 Sn titanium (RC 31) 0.78 117 4.1319 
Mat 35 Vascornax 300 CVM (RC 54) 0.81 186 4.4568 
Mat36 2024-T4 alum. (RB 94) 0.84 69 3.7632 
Mat 37 7075-T6 alum. (RB 79) 0.86 69 3.6881 
Where a = 1 - n , n is the cyclic plastic strain hardening coefficient, and the slope is 
I+n 
obtained by plotting the total plastic strain energy density against the stress amplitude on 
a logarithmic scale. 
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Table 10-2: Parameters Obtained for the Strain-Energy Based Fatigue-Life Prediction. 
Temperature n' H' (MPa) E (MPa) n Wt(MPa) 
Ambient 0.1023 1,022.9 238,000 0.1815 50,058 
600°C 0.1375 1,188.4 219,000 0.2214 67,127 
900 °C 0.2279 1,875.0 191,000 0.1343 13,894 
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Figure 1-1: Basic Methodology in Materials Science and Engineering. 
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Figure 2-1: Effects of Alloying Additions on the HCP to FCC Transformation 
Temperature in Cobalt as a Function of Solubility in FCC Cobalt. Note that SFE 
represents stacking fault energy. 
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Figure 2-2: Co-Cr Binary Phase Diagram. 
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Figure 2-3: Deformation Structures Observed near Room Temperature as a Function of 
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Figure 2-4: Deformation Structures of Ternary Co-Ni-15Cr Alloys as a Function of Both 
Composition and Temperature. Note that T1 is the maximum temperature at which 
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Figure 2-6: Retained Room-Temperature Ductility after 8,000 Hours Exposure at Various 
Temperatures. 
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Figure 3-4: Sample Geometry for Low-Cycle Fatigue Testing. 
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Figure 4-1: High-Cycle Fatigue Testing Results, S-N Data, of ULTIMET Alloy. Note 
that the arrow indicates a run-out without failure. 
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Figure 4-3: SEM Micrographs Showing the Widmanstaten-Pattem Feature in the Grains: 
(a) Back-Scattered Electron Image and (b) Secondary-Electron Image. 
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Figure 4-5 : TEM Micrographs of ULTIMET Alloy in the As-Received Condition 

















Figure 4-6: TEM Micrographs of ULTIMET Alloy in the As-Received Condition 
Showing Stacking Faults: (a)Bright Field and (b) Diffraction Pattern from Figure 4-6(a). 
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Figure 4-7: X-Ray Diffraction Structural Analysis Results ofULTIMET Alloy in the As-













Figure 4-8: TEM Micrographs of ULTIMET Alloy in the Tension-Tested Condition 
Showing the HCP Phase and Stacking Faults: (a) Bright Field Image, (b) Diffraction 
Pattern of Figure 4-8(a), and (c) Dark Field Image of the HCP Phase Contributing to 
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Figure 4-9: High-Cycle Fatigue Data of ULTIMET Alloy at Room Temperature, with 











!, 800 1--------,--------~--+---+-------H-I 
II) I 750 








500 ·~--~ ___ __,__..__ _ _.__._ ____ ~~ 
1,000 10,000 100,000 1,000,000 10,000,000 
Number of Cycles to Failure 
Figure 4-10: Comparison of the Predicted and Experimenal High-Cycle Fatigue Data of 
ULTIMET Alloy in Air and Vacuum at an R Ratio of0.05. 
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(b) 
Figure 4-11: Abundant Stacking Faults of ULTIMET Alloy in the Cyclically-Deformed 
Condition: (a) Fatigue Tested at the Maximum Stress Level of 586 MPa, and (b) Fatigue 
Tested at the Maximum Stress Level of 703 MPa. 
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(b) 
Figure 4-12: SEM Micrographs of ULTIMET Alloy in the Fatigue-Fractured Condition 
(a) Secondary-Electron Image Showing the Fracture Surface and Secondary Crack, and 
(b) Back-Scattered-Electron Image Showing the Microvoids around the Tip of a 











Figure 4-13 : TEM Micrographs of ULTIMET Alloy in the Fatigue-Fractured Condition 
Showing Stacking Faults: (a) Dark Field Image of One Set of Stacking Faults 
Contributing to Bragg Reflection "a" in Figure 4-13(d), (b) Dark Field Image of Another 
Set of Stacking Faults Contributing to Bragg Reflection "b" in Figure 4-13(d), (c) Bright 
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Figure 4-14: X-Ray Diffraction Structural Analysis Results of ULTIMET Alloy Tested at 
20 Hz in Air with Different Applied Maximum Stress Levels. (a) 20 range of 40 to 55° 








Figure 4-15: SEM Fractographs of a Fatigue-Fractured Specimen: ( a) Overview of the 
Fractured Surface and the Crack Initiation Sites Noted by the Circles with Numbers, (b) 
SEM Fractograph of the Initiation Site 2 from Figure 4-15(a), (c) SEM Fractograph of the 
Initiation Site 3 from Figure 4-15(a), (d) 'Stair Step' Feature of the Crack Propagation 
Region, and ( e) Dimpled Fracture Surface of the Final Overload Region. ( O'max = 821 
MPa, R == 0.05, Room Temperature, in Air, Fatigue Life of 23,568 Cycles, and 20 Hz) 
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(b) 
Figure 4-16: SEM Fractographs of a Fatigue-Fractured Specimen: (a) Crack-Initiation 
Site, and (b) High-Magnification Micrograph from the Circled Region in Figure 4-16(a). 
(crmax = 674 MPa, R = 0.05, Room Temperature, in Dry Air, Fatigue Life of 695,280 
Cycles, and 20 Hz) 
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Figure 4-17: High-Cycle Fatigue Testing Results, S-N Data, of ULTIMET Alloy in Air 
and Vacuum. Note that the arrow indicates a run-out without failure, and the dashed line 





Figure 4-18: SEM Fractographs of a Fatigue-Fractured Specimen: (a) Overview of the 
Fractured Surface and the Crack Initiation Sites Noted by the Circles with Numbers, (b) 
SEM Fractograph of the Initiation Site 1 from Figure 4-18( a), and ( c) SEM Fractograph 
of the Initiation Site 2 from Figure 4-18( a). ( CJ max = 586 MP a, R = 0.05, Room 




Figure 4-19: SEM Fractographs of a Fatigue-Fractured Specimen: (a) Overview of 
Fractured Surface and the Crack Initiation Sites Noted by the Circles with Numbers, (b) 
SEM Fractograph of the Initiation Site 1 from Figure 4-19( a), and ( c) SEM Fractograph 
of the Initiation Site 2 from Figure 4-19( a). ( crmax = 67 4 MPa, R = 0.05, Room 
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Figure 5-1: Mean Temperature Profiles of ULTIMET Alloy at crmax Levels of 703 MPa 
and 762 MPa, R Ratio of 0.05, Room Temperature, in Air, and 20 Hz: (a) Schematic 
Presentation of the Box Area around the Midpoint of the Specimen and (b) Mean 
Temperature Profiles. Note that the temperature profiles were taken at an IR camera 
speed of 1/8 Hz. 
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Figure 5-2: Temperature Variations along the Longitudinal Direction of the Specimen 
during the First Cycle of a Fatigue Experiment: (a) Temperature Evolution of the 
Midpoint of the Specimen, (b) Schematic Presentation of the Centerline along the 
Specimen, and (c) Three-Dimensional Temperature Variations [along the Dashed Line in 
Figure 5-2(b)] as a Function of Cycle and Distance. (crmax = 762 MPa, R = 0.05, Room 
Temperature, in Air, Fatigue Life of 41,024 Cycles, and 20 Hz) Note that the data points 
of in the x-axis correspond to the points in the temperature vs. time curve, in Figure 5-
2(a), those in the y-axis are distance along the longitudinal direction of the specimen, and 
the temperature profiles were taken at an IR camera speed of 120 Hz. 
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Figure 5-3: Initial Temperature Variations of ULTIMET Alloy at O'max Levels of 645, 
703, and 762 MPa, R Ratio of 0.05, Room Temperature, in Air, and 20 Hz. Note that the 
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Figure 5-4: Mean Temperature Profiles Restarted after Different Cycles. (crmax = 703 
MPa, R = 0.05, Room Temperature, in Air, Fatigue Life of 87,968 Cycles, and 20 Hz) 
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Figure 5-5: Initial Temperature Evolution Restarted after Different Cycles. (crmax = 703 
MPa, R = 0.05, Room Temperature, in Air, Fatigue Life of 97,542 Cycles, and 20 Hz) 
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Figure 5-6: Typical Material Responses of ULTIMET Alloy during a Fatigue Test: (a) 
Stress, (b) Strain, and ( c) Temperature Evolution versus Time Curves. ( O'max = 703 MPa, 
R = 0.05, Room Temperature, in Air, Fatigue Life of 97,542 Cycles, and 20 Hz) Note 
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Figure 5-7: Stress versus Strain Curves (a) at the Beginning and (b) at 252nd, 253rd, and 
370th Cycles of a Fatigue Test. (O'max = 703 MPa, R = 0.05, Room Temperature, in Air, 
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Figure 5-8: The Rate of Temperature Increment as a Function of Applied Maximum 
Stress at R Ratio of 0.05, Room Temperature, and in Air. Note that the arrow indicates 
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Figure 5-9: Calculated and Measured Temperature Evolution during High-Cycle Fatigue. 
(crmax = 703 MPa, R = 0.05, Room Temperature, in Air, Fatigue Life of 97,542 Cycles, 
and 20 Hz) 
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(c) After 2000 Cycles 
Figure 5-10: Surface Morphology of a Polished Round-Bar Fatigue Specimen of 




Figure 5-11: SEM Fractograph of the Fatigued Sample: (a) Overview and (b) Initiation 
Site [Indicated by an Arrow in Figure 5-1 l(a)]. (crmax = 703 MPa, R = 0.05, Room 
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Figure 5-12: The Mean Temperature and Displacement Evolution of a Specimen during 
High-Cycle Fatigue. (crmax = 762 MPa, R = 0.05, Room Temperature, in Air, Fatigue Life 
of 41,024 Cycles, and 20 Hz) Note that the temperature profile was taken at an IR camera 
speed of 120 Hz. 
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Figure 5-13: Increase in Temperature and Dissipated Energy Density versus Fatigue Life 
Relationships, R = 0.05, Room Temperature, in Air, and 20 Hz. 
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Figure 5-14: Temperature Mapping at (a) 95,520 Cycles and (b) 95,640 Cycles, and (c) 
Generated Image by Subtracting Figure 5-14(a) from Figure 5-14(b), [the Detected Crack 
Indicated by the Arrow in Figure 5-14(c)]. (crmax = 700 MPa, R = 0.05, Room 
Temperature, in Air, Fatigue Life of 97,542 Cycles, and 20 Hz) Note that the temperature 
mappings were taken at an IR camera speed of 1/8 Hz. 
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Figure 5-15: Fatigue-Crack Length Measurement: (a) Schematic Representation of the 
Dashed Line along the Crack, (b) Temperature Evolution of the Dashed Line along the 
Crack in Figure 5-15(a), and (c) Crack Lengths versus Fatigue Cycles, Determined by the 
Method Indicates in Figures 5-15(a) and (b). (crmax = 700 MPa, R = 0.05, Room 
Temperature, in Air, Fatigue Life of 97,542 Cycles, and 20 Hz) Note that the double 
arrow-heads lines represent the crack formed at different cycles, and the temperature 




Figure 6-1: The Development of Persistent Slip Bands in a Representative Grain, 
Assumed to Occur in the Sequence Shown: (a) Virgin State, (b) Creation of Slip Bands, 






Figure 6-2: The Transient Anelastic Behavior of the Persistent Slip Band in a 
Representative Grain during a Fatigue Cycle, Assumed to Occur in the Sequence Shown: 
(a) Before Applying Force, (b) Loading, (c) Unloading, and (d) Completely Unloaded. 
Note that the shadowed area in Figures 6-2(b) and (c) represents the stress field during 
loading and unloading, respectively. 
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cr 
Figure 6-3: A Diagram Representing the Constitutive Relations for ULTIMET Alloy 
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Figure 6-4: Experimental and Predicted Stress-Strain Curves for Tension Tests of 
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Figure 6-5: Experimental and Predicted Temperature Oscillations for ULTIMET Alloy at 
Initial Cycles during High-Cycle Fatigue: (a) MTS System Command Stress Curve and 
(b) Corresponding Temperature Oscillations. (crmax = 703 MPa, R = 0.05, Room 
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Figure 6-6: Experimental and Predicted Cyclic Stress-Strain Curves of ULTIMET Alloy 
at Initial Cycles. ( O"max = 703 MPa, R = 0.05, Room Temperature, in Air, Fatigue Life of 
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Figure 6-7: Experimental and Predicted Temperature Oscillations with the Consideration 
of Insulated, Only Heat Conduction, Both Heat Conduction and Convection, and the 
Combination of Heat Conduction, Convection, and Radiation, for UL TIMET Alloy at 
Initial Cycles during High-Cycle Fatigue. (crmax = 703 MPa, R = 0.05, Room 
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Figure 6-8: Experimental and Predicted Mean Temperature Changes during Fatigue. 
(crmax = 703 MPa, R = 0.05, Room Temperature, in Air, Fatigue Life of 97,542 Cycles, 
and 20 Hz) 
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Figure 7-1: High-Cycle Fatigue Testing Results, S-N Data, ofULTIMET Alloy with an R 
Ratio of 0.05 in Air at Room Temperature. Note that the arrow indicates a run-out 
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Figure 7-2: Temperature Profiles of ULTIMET Alloy during High-Cycle Fatigue with an 
R Ratio of0.05 at Room Temperature in Air: (a) At 1,000 Hz with an Applied Maximum 






























0.7 0.8 0.9 1.0 1.1 
Displacement (mm) 
(b) 
Figure 7-3: Stress vs. Displacement Curves of ULITMET Alloy during High-Cycle 
Fatigue with an R Ratio of 0.05 at Room Temperature in Air: (a) At 1,000 Hz with an 
Applied Maximum Stress Level of 528 MPa, and (b) at 20 Hz with an Applied Maximum 
Stress Level of 703 MPa. 
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Figure 7-4: Crack Initiation from the Surface at an Applied Maximum Stress Level of 
616 MPa at 1,000 Hz with an R Ratio of 0.05 at Room Temperature in Air: (a) Overview, 
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Figure 7-5: Crack Initiation from the Subsurface at an Applied Maximum Stress Level of 
528 MPa at 1,000 Hz with an R Ratio of 0.05 at Room Temperature in Air: (a) Overview, 
(b) Crack-Initiation and Propagation Regions, (c) Cleavage-Like Crack-Initiation Site, (d) 
Crack-Propagation Region with Crystallographic Appearance, and (e) Crack-Propagation 
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Figure 7-6: High-Cycle Fatigue Testing Results, S-N Data, of ULTIMET Alloy. Note 
that the opened symbol represents the fatigue crack initiated from the surface, the solid 
symbol stands for the fatigue crack initiated from the subsurface, the arrow indicates a 
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Figure 7-7: X-Ray Diffraction Structural Analysis Results of ULTIMET Alloy Tested at 
1,000 Hz in Air at Different Applied Maximum Stress Levels: (a) 20 range of 40 to 55° 
and (b) 20 range of 45 to 50°. 
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Figure 8-1: Total Strain Range versus Fatigue Life Curves of ULTIMET Alloy at 21, 
600, and 900 °C. 
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Figure 8-2: The Evolution Curves of the Peak Stresses of ULTIMET Alloy during Low-
Cycle Fatigue at (a) 21 °C, (b) 600 °C, and (c) 900 °C. 
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Figure 8-3: The Influence of Temperature on the Evolution of Peak Stresses during Low-
Cycle Fatigue of ULTIMET Alloy with an Applied Total Strain Range of 1.5%, (a) 
Experimental and (b) Normalized. 
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(b) 
Figure 8-4: Fractography: (a) Fatigue Crack Initiation and (b) Propagation of ULTIMET 
Alloy Tested at 21 °C. (Total Strain Range of 2.5 %, R = -1 , Strain Rate of 3 x 10·3 s· 1, 21 
°C, and Fatigue Life of 1,303 Cycles) 
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(b) 
Figure 8-5: Fractography: (a) Fatigue Crack Initiation and (b) Propagation of ULTIMET 
Alloy Tested at 600 °C. (Total Strain Range of 1.5 %, R = -1, Strain Rate of 3 x 10·3 s·', 
600 °C, and Fatigue Life of 12,900 Cycles) 
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(b) 
Figure 8-6: Fractography: (a) Fatigue Crack Initiation and (b) Propagation of ULTIMET 
Alloy Tested at 900 cc_ (Total Strain Range of 2.0 %, R = -1, Strain Rate of 3 x 10·3 s· 1, 
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Figure 8-7: X-Ray Diffraction Structural Analysis Results of ULTIMET Alloy Tested at 
Room Temperature in Air with Different Applied Total Strain Ranges. 
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Figure 8-8: The Calculated Volume Fraction of HCP Phase and Ratio of Relative 
Integrated Intensities of ( 10 T 1) Peak of the HCP Phase and (200) Peak of the FCC 
Phase. Note that intensity ratio, 1<io.1/1<2oo), is the ratio of the intensity of the HCP (10.1) 
diffraction peak to that of the FCC (200) peak, and volume fraction of HCP phase is 
calculated from the direct comparison method. 
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(b) 
Figure 8-9: TEM Micrographs of ULTIMET Alloy in the Low-Cycle Fatigued Condition, 
with the Applied Total Strain Range of 1.0% at 21 °C, Showing (a) Crisscross Banded 
Structure in One Grain and (b) Deformation Bands in One Grain, which Triggered 
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Figure 8-10: X-Ray Diffraction Structural Analysis Results of ULTIMET Alloy Aging at 
600 °C for 0.5 and 18 Hours. Note that * represents the specimen was aged at 600 °C for 
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Figure 8-11: X-Ray Diffraction Structural Analysis Results of UL TIMET Alloy Low-
Cycle Fatigued at 600 °C with an Applied Total Strain Range of 1.5% for 0, 1, 10, 100, 
1,000, and 10,000 Cycles. 
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Figure 8-12: TEM Micrographs of ULTIMET Alloy in the Low-Cycle Fatigued 
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Figure 8-13: X-Ray Diffraction Structural Analysis Results of ULTIMET Alloy Low-




Figure 8-14: TEM Images of the ULTIMET alloy in a Specimen Low-Cycle Fatigued at 
900 °C with an Applied Total Strain Range of 1.5%, (a) Bright-Field Image, and (b) 
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Figure 8-15: Energy Dispersive Spectrometer (EDS) Analyses of Particles, on the Grain 
Boundary in a Specimen Low-Cycle Fatigued at 900 °C with an Applied Total Strain 
Range of 1.5%, (a) TEM Image, (b) from the Matrix, and (c) from the Particles. 
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Figure 9-1: The Mean Temperature and Peak Stress Evolution of the Specimen during 
Low-Cycle Fatigue. (dE = 2.5%, R = -1, 21 °C, in Air, Fatigue Life of 1,903 Cycles, 
strain rate of 7 .5 x 10·3 s·1 ., and 0.15 Hz) Note that the temperature profile was taken at 
an IR camera speed of 0.15 Hz. 
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Figure 9-2: Stress versus Strain Curves of Different Cycles of a Low-Cycle Fatigue Test. 
(~E = 2.5%, R = -1, 21 °C, in Air, Fatigue Life of 1,903 Cycles, Strain Rate of 7.5 x 10·3 







! -0. 1 20 0. 20 .. u, 
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Figure 9-3: Stress versus Strain Curves of Initial Five Cycles of a Low-Cycle Fatigue 
Test. (~E = 2.5%, R = -1, 21 °C, in Air, Fatigue Life of 1,903 Cycles, Strain Rate of 7.5 x 
10-3 s-1 ., and 0.15 Hz) 
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Figure 9-4: Typical Material Responses of ULTIMET Alloy during a Fatigue Test: (a) 
Strain, (b) Stress, and (c) Temperature Evolution versus Time Curves. (dE = 2.5%, R = -
1, 21 °C, in Air, Fatigue Life of 1,903 Cycles, Strain Rate of 7.5 x 10·3 s· 1., and 0.15 Hz) 
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Figure 9-5: Experimental and Predicted Stress-Strain Curves for Tension Tests of 
ULTIMET Alloy at Different Temperatures. 
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Figure 9-6: Experimental and Predicted Cyclic Stress-Strain Curves of ULTIMET Alloy 
for the First 10 Cycles with Total Strain Ranges of (a) 1.0% and (b) 1.5% at 21 °C. (R = -















Figure 9-7: Experimental and Predicted Cyclic Stress-Strain Curves of ULTIMET Alloy 
for the First 10 Cycles with Total Strain Ranges of (a) 1.0% and (b) 1.5% at 600 °C. (R = 
-1, in Air, and Strain Rate of3 x 10·3 s·1.) 
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Figure 9-8: Experimental and Predicted Cyclic Stress-Strain Curves of ULTIMET Alloy 
for the First 10 Cycles with Total Strain Ranges of (a) 1.0% and (b) 1.5% at 900 °C. (R = 
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Figure 9-9: Experimental and Predicted Temperature Oscillations of ULTIMET Alloy at 
Initial Cycles during Low-Cycle Fatigue. (8E = 2.5%, R = -1, Room Temperature, in Air, 
Fatigue Life of 1,903 Cycles, Strain Rate 7 .5 x 10-3 s-1 ., and 0.15 Hz) Note that the 
temperature profile was taken at an IR camera speed of 2.1 Hz. 
348 






a, -1.5 ... -·--u, 1 5 
ULTIMET 
Strain 
Figure 9-10: Experimental and Predicted Cyclic Stress-Strain Curves of ULTIMET 
Alloy for the First 10 Cycles with Total Strain Ranges of 2.5% at 21 °C. (R = -1, in Air, 
Fatigue Life of 1,903 Cycles, Strain Rate 7.5 x 10-3 s-1 ., and 0.15 Hz) 
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(b) Cyclic Stress versus Plastic Strain Amplitude 
Figure 10-1: Stable Cyclic Stress-Strain Curves of ULTIMET alloy. (Total Strain Range 




-------- ~Ep ------• 
1000 --ca 
fl. 
800 :ii: -fl) 
fl) 600 Cl) 




0 0.2 0.4 0.6 0.8 1 1.2 
Plastic Strain (%) 
Figure 10-2: A Typical Stress versus Plastic Strain Loop of ULTIMET Alloy. (Total 
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Figure 10-3: The Distribution of the Exponent Values, Which Were Obtained from the 
Slopes of the Stress Amplitude versus Total Plastic Strain Energy Density Curves on a 
Logarithmic Scale for Different Materials, as Represented by the Numbers, e.g., 7, 13, 
3 7, etc. (The Data of the Present Figure Were Obtained from the Compilation of 
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Figure 10-4: Comparison of the Predicted and Experimental Fatigue Lives of ULTIMET 
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Figure 10-5: Comparison of the Predicted and Experimental Fatigue Lives of ULTIMET 
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Figure 10-6: Comparison of the Predicted and Experimental Fatigue Lives of ULTIMET 






















Figure 10-7: Temperature Evolution ofULTIMET Alloy during Low-Cycle Fatigue Tests 
at Different Applied Strain Levels. 
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Figure 10-8: Temperature Increase at Equilibrium versus Fatigue Life Plot of ULTIMET 
Alloy on a Logarithmic Scale. 
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Figure 10-9: The Predicted and Measured Temperature Profiles ofULTIMET Alloy with 




















- - - - Coffin-Manson 
--Temperature Index 
1,000,000 100,000,000 
Number of Reversals (2Nf) 
Figure 10-10: The Predicted and Experimental Fatigue Lives ofULTIMET Alloy Low-
Cycle Fatigue Tested at 21 °C. 
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The General Solution for a General One-dimensional Heat-Conduction Problem. 
For a specific situation in which the potential T(x, t) is a function of time t, and one of the 
space variable, x, we consider the range of the x variable as finite, x0 ~ x ~ x1 , e.g., the 
region x0 ~ x ~ x1 , represents a slab in the rectangular coordinate system. Consider a 
heat-conduction problem given by Equations (1) in the form 
w(x) aT(x,t) = ~[k(x) aT(x,t)]-d(x)T(x,t) + P(x,t) 
at ax ax 
in x0 < x < x1 , t > 0 (l.a) 
subjected to the boundary conditions 
at x = x*, k = 0, 1, t > 0 (l.b, c) 
and the initial condition 
T(x,0) = f (x) (l.d) 
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where w(x) and d(x) are general functions, k(x) is the heat conduction coefficient, ak and 
13k are prescribed boundary coefficients, cp(x) is a prescribed function for boundary 
conditions, and f(x) is a prescribed function for an initial condition. 




!; = £W'(x)f/l;(x)f(x)dx (2.c) 
I 
g;(t)= L~(xk,t)Q;(xk)+ flfl;(x)P(x,t)dx 
k=O 0 
(2.d) 
• The derivation of this solution can be found in "Unified analysis and solutions of heat and mass diffusion" 
by M.D. Mikhailov, M.N. Ozisik, 1983. 
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and O; (xk) is defined as 
Q;(xk) = 1/f;(xk)+(-li k(xk)l/l;(xk) 
a* +Pk 
(2.e) 
The eigenfunctions, 1/f;(xk), and eigenvalues, µi, are the eigenfunctions and eigenvalues 
of the eigenvalue problem 
(3.a) 
(3.b, c) 
The Specific Solution for a Specific One-dimensional Heat-Conduction Problem. 
We focus our attention on problems in the region O ~ x ~ L0 with a symmetric boundary 
condition at x = 0, i.e., a slab of thickness Lo with the boundary at x = 0 insulated. We 
assume that the medium is initially at a uniform temperature Ti, For times t > 0, energy 
362 
is generated in the medium at a constant rate Q, W/m3s"1 while the boundary surface at 
x = L0 is kept at the temperature Ti. 
We choose the dimensionless variable as 
d. . l O( ) T(x,t)-T. 1mens10n ess temperature: X, r = ' , 
fl.T 
a reference temperature difference: l!i..T, 
d. . 1 . at 1mens1on ess time: r = --2 , 
(Lo) 
dimensionless space variable: X = ...::.. , 
Lo 
dimensionless energy generation: G(X, r) = Q(L0 ) 2 = G0 , 
kl!i..T 
dimensionless initial temperature: F(X) = f(x)-1'; = O, and 
l!i..T 
. . T(x r-L,,, t)-1'; 
d1mens10nless boundary temperature: (J(X X=I 'r) = · -6.T = 0. 
The mathematical formulation of this one-dimensional heat-conduction problem is given 
in the dimensionless form as 
B0(X, r) = B20(X, r) + G 
Br BX 2 0 
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in 0 < X < 1 , i > 0 
o0(X,r) = O 
ax 
<p(r) = 0 
F(X) =0 
(4.a) 
atX=0, r>O (4.b) 
at X = 1 , r > 0 ( 4.c) 
at r = 0 , 0 ~ X ~ 1 ( 4.d) 
Equations (4) is a special case of the general problem Equations (1), as follows, 
T=0, x=X, t = i' d(x) = 0, 
w(x) = k(x) = 1, P(x,t) = G0 , 
X0 = 0, x. = 1, a 0 = 0, Po =1, 
tp(x0 ,t)=0, a 1 =1, P. =0, tp(X1 ,t) = 0. (5) 
With the values of various quantities as defined by Equations (5), the solution of the 




and µi are the roots of 
which is 
J 112 (x) = /f sin(x) 





For a cylindrical bar subjected to cyclic fatigue, as described in PART 10, the constant 
heat generation rate is equivalent to the integration of the dissipated energy density, /j.W, 
over the gage section times the testing frequency, f. With the initial and boundary 
conditions described by Equations (4.b), (4.c), and (4.d), The temperature variation at the 
midpoint, x=O, can be derived from Equations (4) and (6) as 
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(7) 
Note that Equation (7) is the same as Equation (10-27) in PART 10. 
366 
VITA 
Liang Jiang was born in Zigong, Sichuan Province, People's Republic of China (PRC). 
He attended schools in Zigong, where he graduated from Shuguang High School in July 
1988. During September 1988 to July 1992, he was pursuing his undergraduate study at 
the Chongqing University, Chongqing, PRC, where he received his Bachelor of Science 
degree in Metallurgy. In September 1992, he entered the Master's program in 
Metallurgical Engineering at the University of Science and Technology Beijing (USTB), 
Beijing, PRC. He obtained the Master's degree in March 1995. After working for two years at 
the USTB, he attended the doctoral program in Materials Science and Engineering at the 
University of Tennessee in 1997. The Doctor of Philosophy degree was received in December 
2000. 
367 
